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AHHOTail,HH 

IIpoBefleHO conocTaBjieHHe ocHOBonojiarajoinnx pa6oT C. B. BoHCOBCKoro no 
MHoro3JieKTpoHHbiM nojiapHoft h s — d(f) o6MeHHolt MOflejiHM c nocjie/ryioinHM pa3- 
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hx coeflHHeHHii. Oco6bih ynop flejiaeTCH Ha BbiBOfl pa3JinnHbix MHorosjieKTpoHHbix 
MOflejieli (reii3eH6epra, Xa66ap^a, AimepcoHa) , a Taicsce cooTHOineHna h BHyTpeH- 
hk>k> CBH3b Meacfly hhmh. Cpe/pi TeM, paccMOTpeHHbix b o63ope, - MHOrOSJieKTpOH- 
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3.6 CBoficTBa aHOMajibHbix /-coeflHHeHHH 
3 aK jiio neHHe 

1 BBe^eHHe 

Ilpo6jieMa ^BOHCTBeHHOH npHpOflbl 3JieKTpOHHbIX COCTOHHHH B KpHCTajIJie, npoaBJIHIOIHHX 

Kax 30HHbie, Tax h aTOMHbie nepTbi, - pp chx nop o^Ha H3 H,eHTpajibHbix b cpH3HKe TBep^o- 
ro Tejia. OcoGeHHo cymecTBeHHa 3Ta npo6jieMa fljia onncaHHH noBe^eHnsi d-sjieKTpoHOB. 
B nacTHocTH, hmchho b nepexo^Hbix MeTajuiax, hx cnjiaBax n coe^HHeHnax HaGjno^aeTca 
CTOJib Ba>KHoe HBjieHne cnjibHoro MameTH3Ma, o6ycjioBjieHHoe cpopMnpoBaHHeM jioKajit- 

HMX MarHHTHBIX MOMeHTOB BCJie^CTBHe Me>K3JieKTpOHHOrO B3aHMO^eHCTBHH. 
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y>Ke b 20-30-e roflM XX Bexa Gbijih ^ocTHrayTBi nepBBie ycnexn Teopnn MeTajuioB 

B paMKaX HOBOH KBaHTOBOH MexaHHKH - nOCJie OTKpBITHH CTaTHCTHKH OepMH. B paM- 

xax npn6jiH>KeHH5i cbo6o^hbix sjieKTpoHOB, a 3aTeM o^HosjieKTpoHHOH 3ohhoh Teopnn 
- b pa6oTax Ilayjm, Bjioxa, BnjrBcoHa, riaftepjica, 3oMMep<pejib,na - Gbijio ,n;aHo oGtac- 
HeHne napaMarHeTH3Ma, noBe^eHHH TenjioeMKocTH n KHHeTHnecKnx cbohctb [T]. O^HaKo 
fljis onncaHnn cpeppoMarHeTH3Ma h pima ^pyrnx aBjiemift (HanpnMep, nepexo^a MeTajui- 
H30JiaTop) 3th npe,n;cTaBjieHHH oKa3ajiHCB He^ocTaTOHHBiMH. C ^pyrofl CTOpOHBI, nonBiT- 
kh Hcnojib30BaTB Rjis MarHHTHBix MeTajuioB Mo^ejiB ^J,HpaKa-refi3eH6epra, ocHOBaHHyio 

Ha aTOMHOH KapTHHe JIOKajIH30BaHHBIX CTIHHOB, TaKJKe He ^ajiH xoponiHx pe3yjibTaTOB 

(b nacTHocTH, oHa Gtijia He b coctohhhh o6t.hchhtb ^po6Hbie 3HaneHH5i MarHHTHBix mo- 
MeHTOB). TaKHM o6pa30M, noTpeGoBajicH onpe^ejieHHBiH cHHTe3 Mo^ejiH refi3eH6epra h 

O^HOSJieKTpOHHOH 30HHOH MO^ejIH. 

B 1934 r. Gbijia npe^;jio>KeHa nojinpHaa Mo^ejiB LQy6nHa h BoHcoBCKoro [2], a b 1946 
r. — s — c/-o6MeHHaH Mo^ejiB [3J H] • 06e sth Mo^ejiH cbirpajin hckjuohhtcjibho Baaoiyio 

POJIB B TeopeTHHeCKOM OnHCaHHH d- H /-MeTajIJIOB H HX COe^HHeHHH. 

Pa6oTBi LQy6HHa h BoHcoBCKoro no nojinpHoft Mo^ejiH [2] 6bijih ony6jiHKOBaHBi b npe- 
cthjkhom aHrjiHHCKOM jKypHajie Proc. Roy. Soc. h (b Gojiee no^po6HOM H3Jio>KeHHH) b 
xapBKOBCKOM JKypHajie Phys. Zs. UdSSR, bbixo^hbhicm Ha HeMenKOM H3BiKe; hx pyccKHH 
nepeBOfl mojkho Haft™ b KHHre |5] . B sthx cTaTBHx Gbijia HaMeneHa nporpaMMa Ha MHoro 
jieT Bnepefl, KOTopas uejiHKOM He BBinojiHeHa ^;o chx nop: nocTpoeHHe CHCTeMaTHHecKoft 
TeopHH MeTajuioB, no3BOji5iioiHeft paccMaTpnBaTB nx 3jieKTpHnecKne h MamHTHBie CBoft- 
CTBa o^HOBpeMeHHO, h BBiGop noflxoflarneft chctcmbi npH6jin>KeHHH . 

HacTOHm;HH o63op nocBarneH sbojiiohhh n^efl MHorosjieKTpoHHBix Mo^ejieft, KOTopBie 
6bijih 3ajio>KeHBi h pa3BHTBi b pa6oTax C.B. BoHcoBCKoro, ero Kojijier h yneHHKOB. 

Mbi orpaHHHHMca mo^gjibhbimh acneKTaMH TeopnH MeTajuioB, xoth b Hacroamee Bpe- 
M3 ninpoKO HcnojiB3yiOTCH KaK nepBonpHHn;HnHBie 30HHBie pacneTBi, Tax n nonbiTKH hx 
KOM6HHan;HH c MHorosjieKrpoHHBiMH Mo^ejiHMH (hto no3BOJi3eT 3HanHTejiBHo yjiynniHTB 
yneT KoppejiHHHOHHBix scpcpeKTOB). H3Jio:>KeHHe 6yn;eT npH^epacnBaTBcn KjiaccHnecKHx 
TeopeTHKo-nojieBBix mcto^ob (npeHMymecTBeHHo MeTo^a ^ByxBpeMeHHBix 3ana3^BiBaio- 
hi;hx cpyHKHHH TpnHa, b tom nncjie ^jih MHorosjieKrpoHHBix onepaTopoB). Bo BpeMS Ha- 
nncaHHH nepBBix pa6oT LQy6HHa h BoHcoBCKoro sthx Harjis^HBix aHajiHTHnecKHx mcto- 
flOB, ocHOBaHHBix Ha npe^cTaBjieHHH BTopnnHoro KBaHTOBaHHH, em,e He Gbijio (no^ pyxoft 
6biji tojibko rpoM03^KaH TexHHKa cjisTepoBCKHx fleTepMHHaHTOB) , n hx nocjie,zryioiu;ee 
npHMeHeHHe no3BOjiHjio cymecTBeHHO npo^BHHyTBca b iiohhm aHHH MHorosjieKrpoHHBix 
scpcpeKTOB. Cjie^yeT Taxace otmcthtb, hto, HecMOTpa Ha HMeiomHecH npnHrtHnnajiBHBie 
Tpy^HocTH (b oco6eHHocTH Tax Ha3BiBaeMaa "npo6jieMa 3HaKa", o6ycjioBjieHHaa cpepMH- 
eBCKoii cTaTHCTHKoii) , b nocjie^Hee BpeMs flocTHmyTBi cyni;ecTBeHHBie ycnexn b npHMBix 
hhcji6hhbix pacneTax MHorosjieKTpoHHBix cHCTeM KBaHTOBBiM MeTo^oM MoHTe-Kapjio 
(cm., Hanp., [6j). Ohh, o^HaKo, noxa flajiexo He ^ocTaTOHHbi, htoGbi 3aMeHHTB aHajinTH- 
necKne Mo,n;ejiBHBie no^xo^Bi. 

^aHHasi pa6oTa b 3HannTejiBHOH Mepe npo^ojiacaeT n ^onojiHHeT (pyH^aMeHTajiBHBin 
o63op [7], Tflfi conocTaBjiHioTCH jioKajiH30BaHHBie h ^ejioKajiH30BaHHBie acneKTBi noBe- 

^eHHH SJieKTpOHOB B nepeXO^HBIX MeTajIJiaX H HX CHJIBHOKOppejIHpOBaHHBIX COe^HHeHH- 

ax. TeopeTnnecKoe H3Jio>KeHHe no bo3mo>khocth conpoBoac^aeTca npHMepaMH peajiBHBix 
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cpH3HHecKHx cncTeM. Bojiee no,npo6Ho cpH3HHecKHe cBoficTBa nepexo^Hbix MeTajuioB h 

CHCTeM C CHJIBHBIMH KOppejIHHHHMH Ha HX OCHOBe paccMOTpeHbi B KHHre [8]. 

B pa3,n,ejie 2 npHBO^HTca (popMyjiHpoBKa nojiapHoft Mo^ejiH IIIy6HHa-BoHCOBCKoro h ee 
nacTHoro cjiynaa - Mo^ejin Xa66ap^a. C Hcnojib30BaHHeM cpopMajiH3Ma yrjioBoro momch- 
Ta npoBe^eHo paccMOTpemie BBipo>K^;eHHBix aTOMHBix coctohhhh, KOTopoe cymecTBeHHo 
b cnynae d— h /-3jieKTpoHOB. 06cy>K,n;aioTC5i aTOMHoe npe^cTaBjieHHe, cneKTp sjieKTpoH- 

HblX COCTOHHHH, nepeXOfl MeTajIJI-H30JIHTOp H CpeppOMarHeTH3M B CHCTeMaX CHJIBHOKOp- 
pejIHpOBaHHBIX SJieKTpOHOB. 

B pa3flejie 3 paccMOTpeHa s — G?(/)-o6MeHHa5i Mo^ejiB Bohcobckoto, ee o6o6meHH5i, 
nacTHBie cjiynaH h npHMeHeHna k pa3JiHHHBiM cpH3HHecKHM cHTyairiisiM . Bojiee no,npo6Ho 
oGcyjK^aioTCH pe^K03eMejibHBie MeTajiJiH, chjibhbic nojiyMeTajuiHHecKHe cpeppoMarHeTH- 
kh, peineTKH Koh^o. 



2 IlojiflpHaa MO^ejib h MO^ejib Xa66ap,z];a 

B pa6oTax [2 J LQy6HH h Bohcobckhh nocTaBHjin cBoeft H,ejibio o^HOBpeMeHHo onncaTB hih- 
poKHfl Kpyr HBjieHHfl b TBep^oM Tejie, BKjnonaH MarHeTH3M h sjieKTponpoBo^HocTb. no- 
jiapHaa Mo^ejiB Gbijia npe^jioaceHa hmh kbr cHHTe3 roMeonojiapHofi Mo^ejin refi3eH6epra, 
onHCBiBaromeH cncTeMy jioKajiH30BaHHBix momchtob, h no,zrxo,n;a CnsTepa fljia: onncaHHa: 
MHorosjieKTpoHHofl cHCTeMBi MeTajuia. B KpncTajuie, r^e Ha aTOM npHxo^HTca o^hh sjiex- 
TpoH (hjih b npocTeliHieM npHMepe MOJiexyjiBi Bo^opo^a, paccMOTpeHHOM TaflTjiepoM h 
JIoh^ohom), 3to 03HanaeT yneT nojiapHBix cocroaHHH - ^BoeK h ^bipox, T.e. ^BaJK^Bi 
3aHHTbix h nycTBix y3JiOB. B HcxcflHoft cpopMyjinpoBKe Mo^ejiH Gbijih yHTeHbi nepecKOKH 
sjieKTpoHOB c y3Jia Ha y3eji h Bee thhbi MexcsjieKTpoHHoro B3aHMo^,eHCTBHa 

,II,ajibHeHHiee pa3BHTHe nojiapHaa Mo^ejib nojiynnjia b pa6oTax Borojno6oBa [9], ko- 
TopBiii BbiBeji ee raMHjiBTOHHaH nepe3 nocjie^oBaTejibHoe pa3Jio>KeHHe no HHTerpajiy ne- 

peKpblTHH aTOMHBIX BOJIHOBBIX (pyHKHHH B npe^CTaBJieHHH BTOpHHHOrO KBaHTOBaHHS . B 

upocTeiiHieM cjiynae HeBBipojK^eHHofi 30Hbi ero mojkho 3anncaTB b BH^e 

3fleci> t Vl v 2 h I vxv% v Z v A - MaTpHHHBie 3jieMeHTBi oflHoajiercrpoHHoro nepeHoca h mok- 

SJieKTpOHHOrO B3aHMO^eHCTBH5I. B HaCTHOCTH, V UlU2 = I{l>i V^Ux V-i) - KyjIOHOBCKOe B3aH- 

Mo^eHCTBHe Ha pa3HBix y3Jiax (oTBeTCTBeHHoe, HanpHMep, 3a 3apH,n;oBoe ynopaflOHemie) , 
J VlU2 = —I{i>\V2L>iV\) - «npaMoe» o6MeHHoe B3aHMO,n;eHCTBHe (stot HjieH nojiynaeTcs 
nepecTaHOBKoli (oGmchom) chhhobbix HH^eKCOB). 

Hobbih HMnyjibc MHorosjieKTpoHHOH TeopHH KpncTajiJia npn^ajiH H^en Xa66ap^;a [T0| 
HT| [T2| H3] , BBi^ejiHBHiero b cBoefi Mo^ejiH Han6ojiee cym;ecTBeHHyio nacTB KyjioHOBCKoro 
B3aHMo^eHCTBH5i - cHjiBHoe oTTajiKHBaHHe 3jieKTpoHOB Ha oflHOM y3Jie U = livvvv). 
B cjiynae HeBBipo>K^;eHHOH 30hbi ee raMHjiBTOHHaH 3anHHieTca Kax 

n = J2 t* c L c te + U Y1 4t c i-l4i c Hi ( 2 ) 

ko- i 
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rfle tk - 30HHt»ifi cneKTp. Mo^ejib Xa66ap^a rnnpoKo Hcnojib30Bajiacb fljia paccMOTpeHHs: 
cpeppoMarHeTH3Ma KOJiJieKTHBH3HpoBaHHbix sjieKTpoHOB, nepexo^a MeTajui-H30JiHTop h 
flpyrnx (pH3HnecKHX HBjieHHH. HecMOTpa Ha oneBH^Hyio npocTOTy, 3Ta MOflejib co^epacHT 
oneHb GoraTyio cpH3HKy h ee cTporoe nccjie^oBaHHe sBjiHeTcs BecbMa TpynHoft npoGjie- 

MOH. 

IIocKOJibKy b cjiynae cnjibHbix KoppejiairHH Teopna B03MymeHHH ne pa6oTaeT, Xa66ap,a, 
Hcnojib30Baji MeTOfl ^ByxBpeMeHHbix 3ana3,zibiBaioiiiHx cpyHKirHft TpHHa, pa3pa6oTaHHbifi 
BorojiioGoBbiM h ThGjihkobbim. ripe^jioaceHHaH hm cxeMa pacH,enjieHHs Ha pa3HBix y3Jiax 
no3BojiHjia nojiyHHTb (popMajitHBifi nepexofl ot 3ohhoh k aTOMHoii KapTHHe. CTapTya 
c aTOMHoro npe,n;e.na, Xa66ap^ Hanieji HHTepnojisiHHOHHoe penieHne, onHCBraaioinee KaK 
aTOMHbifl, Tax h 30HHBIH npe,n;ejiBi Rjm s-coctohhhh [10j; 3aTeM oh paccMOTpeji npocTyio 
Mo^ejiB BtipojK^eHHBix 30H B to yae BpeMH HHTepnojiaiiHOHHoe onncaHHe OKa3a- 
jiocb b 3HaHHTejiBHOH Mepe Hjijno3opHbiM. (b HacTHocTH, KoppejiaunoHHoe pacnrenjieHHe 
b cneKTpe coxpaHaeTca npn cKOJib yroflHo Majibix U, HeynpBjieTBopHTejibHo onncbiBaioTca 
cpeppoMarHHTHbie penieHHa). 

B TpeTbeft pa6oTe Xa66ap^a |12j paccMOTpeHo yjiynnieHHoe pacn;enjieHHe - o^ho- 
y3ejibHoe npnGjinxceHHe, aHajiornnHoe TeopHH HeynopH^oHeHHbix cnjiaBOB, no3BOJi5nomee 
ynecTb o^Hoy3ejibHbie KoppejiauHH h nonpaBKH Ha pe30HaHCHoe yninpeHHe h pacceHmie. 
Oho no3BOJiHjio, b nacTHOCTH, nojiynHTB nepexo^ MeTajiJi-H30Ji3Top. O^Haxo h eMy npn- 
cymH HeflocTaTKH - nepeon;eHKa 3aTyxaHHH, oTcyTCTBHe (pepMHJKHKocraoro noBe^eHHH. 

B pa6oTe [13j Xa66apfl npe^jio>KHji o6ihhh cpopMajiH3M MHorosjieKTpoHHbix 
X-onepaTopoB (aTOMHoe npe^CTaBjieHHe), KOToptm no3BOJiHeT ynecTB BHyTpnaTOMHbie 
B3aHMo,neHCTBHH b HyjieBOM npnGjiHJKeHHH (stot MeTOfl fleTajibHo o6cyacflaeTca b o63ope 
|14j h MOHorpacpHH [8J). 

B OTcyTCTBHe cTaH^apTHoro Majioro napaMeTpa cTaH^apTHbie ^narpaMMHbie no^xo^Bi 
3^ecb oKa3ajiHCb HenpHMeHHMbiMH, a ycnex HecTaH^apTHbix fluarpaMMHtix TexHHK |15j 

- BeCbMa OrpaHHHeHHbIM B CHJiy HeO,Zni03HaHHOCTH HX npaBHji. 

B paGoTax |16[ [T7J Q2] MeTo,n;oM ypaBHeHHH flBiDKeHHH Gbijio pa3BHTo pa3Jio>KeHHe no 
o6paTHOMy Koop^niHanrioHHOMy nncjiy 1/z, KOTopoe no3BOJin.no nocjie,n,OBaTeji£>Ho ynecTb 
BKjiaflbi cnHHOBbix h 3apa^oBbix cpjiyKTyannH, a Taxxce cpepMneBCKnx B036yjK^eHHH, ofl- 
HaKo oho TaKJKe BCTpeTHjiocb c pa^oM TpyzrHocTeft b cjiynae napaMarHHTHoro coctohhhsi. 

BTopoe ^bixaHHe Mo^ejib Xa66ap^a nojiynnjia nocjie oTKpbiTHH BbicoKOTeMnepaTyp- 
hmx CBepxnpoBO^HHKOB, nocKOjibKy no3BOJi3jia onncaTb ,nBiDKeHHe HocnTejieft TOKa b 

Me^b-KHCJIOpO^HblX njIOCKOCTHX. 

fljIS OnHCaHHH SJieKTpOHHblX COCTOJIHHH B CuCVnjIOCKOCTSX nepOBCKHTOB MOryT 6bITb 

Hcnojib30BaHbi h Gojiee cjiojKHbie MHoro30HHbie Mo^ejin, HanpHMep Tax Ha3biBaeMa5i mo- 
^ejib 3Mepn: 

H = [ £ pLp*" + A 4<A<7 + Vkipl^dkr + d{ a p ka ) 

kcr i 

rpp e h A — nojio>KeHH5i p- h d-ypoBHeii jxjisi Cu- h O-hohob cooTBeTCTBeHHo. 
k-3aBHCHMocTb MaTpHHHbix sjieMeHTOB p — d rH6pH^H3an;HH fljiH KBa^paTHofl pemeTKH 

HMeeT BHfl 

V k = 2V pd (sin 2 k x + sin 2 k y ) 1/2 . (4) 



+ U $Z 4t d n4i d ih ( 3 ) 
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IlpH | V p d | <C e — A raMHjibTOHHaH ([3]) npHBo^HTca KaHOHHHecKHM npeo6pa30BaHHeM [19] 

K MO^ejIH Xa66ap^a C CHJIBHBIM KyjIOHOBCKHM OTTajIKHBaHHeM H 3(p(peKTHBHBIMH HHTe- 

rpajiaMH nepecKoxa Cu— Cu 

t eS = V p 2 d /(e-A). (5) 

2.1 ATOMHoe npe^cTaBJieHHe h MeTOfl MHorosjieKTpoHHbix one- 
paTopoB 

Bbibo,h; h aHajiH3 ypaBHeHHft nojinpHOH Mo,n;ejiH rjik cjiynaa: s-3ohbi 6biji ^aH b opnrHHajiB- 
Hbix paGoTax [2] h ^ajiee b cTaTbsx h o63opax |20| [7]. 3,n;ecb Mbi oGcyzniM Gojiee oGiuhh 
cjiynaii BbipcDKneHHbix sjieKTpoHHbix coctohhhh Ha y3Jie, nocKOJiBKy Taxoe BbipccacneHHe 
Ba>KHo rjik nepexo^HBix MeTajuioB h hx coenHHeHHft. OnimKo BHanajie, k&k h b paGoTax 
IIIy6HHa h BoHcoBCKoro j2], paccMOTpHM MHorosjieKTpoHHBie (M3) bojihobbic cpyHKUHH 
h npouenypy BTopiiHHoro KBaHTOBamia rjir CHereM c chjibhbimh Me>Ky3ejibHbiMH Kyjio- 

HOBCKHMH KOppejIHUHHMH. 

IlpH nepexo^e k cTaH^apTHOMy npeflCTaBjieHHio BTopuHHoro KBaHTOBaHHH M3 boji- 

HOBbie (pyHKUHH KpHCTajIJia ty(X\ . . . Xn) (x = {rjSj}, Sj — CIIHHOBbie KOOp^HHaTBl) Bbl- 

6npaioTC5i b BH^e jiHHefiHBix KOM6nHan;Hii cjraTepoBCKiix onpenejiHTejieft. IIocjie^HHe co- 

CTaBJIHIOTCH H3 O^HOSJieKTpOHHBIX BOJIHOBBIX (pyHKUHH 1p\{x) (A = {vj} , V — HH^eKCbl 

HHeex b peineTKe, a 7 — o^HoajieKTpoHHBie Ha6opBi KBaHTOBBix HHceji): 

. . . x N ) = ^2 c(\ 1 ...\ N )^x 1 ...\ N (xi---x N ), (6) 

Ai...Ajv 

r^e 

^...a^i • • - a*) = (iV!)- 1 ^ ^(-lj^n^fe), (7) 

P i 

a P npo6eraeT BceB03Mo>KHBie nepecTaHOBKH Xi . Pa3Jio>KeHHe cnpaBe^jiHBo npn ycjio- 
bhh, hto cncTeMa (pyHKi^HH nojmaa [9]. IIpeflCTaBjieHHe BTopHHHoro KBaHTOBaHna 
bbohhtch nyTeM HcnojiB30BaHHa o^HOBjieKTpoHHBix HHceji 3anojiHeHHH n\ b KanecTBe 
hobbix nepeMeHHBix: 

. . . x N ) = ^ c(. . . n x ■ ■ .)*{n A }0&i ...x N ). (8) 

Tor^a BejiHHHHa c(. . . nx ■ ■ ■) nrpaeT pojiB hoboh bojihoboh cpyHKUiiii. O^HosjieKTpoHHBie 
onepaTopbi pojK^eHHa h yHHHTOJKeHHa OepMii onpe^ejiaiOTCH ane/ryiomHM o6pa30M: 

a x c(. . . n x ■ ■ •) = (-l)' 7A n A c(. . . n x - 1 . . .), 

a\c{...nx...) = (-1)^(1 -n A )c(...n A + l...), (9) 

npHHeM 7] A = X1a'>a n A', o A a A = n A . 

TenepB nonpo6yeM o6o6mHTb stot MeTOfl, bbo^s fljis o,n;Hoy3ejiBHOH (aTOMHoli) 3a^aHH 
KBaHTOBbie HHCJia sjieKTpoHHBix rpynn. 

C (pH3HHecKOH tohkh 3peHH3 acHo, hto MejK3Ji6KTpoHHBie KoppejiHUHH HanGojiee Baac- 

HBI flJIH SJieKTpOHOB O^HOH H TOR >Ke aTOMHOH 060JIOHKH (sKBHBajieHTHBIX 3JieKTpOHOB) . 
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CoBpeMeHH&H Teopns: aTOMHHX cneKTpoB 6a3HpyeTca Ha cpopMajiH3Me Paxa fljia yrjioBBix 
MOMeHTOB (cm., Hanp., |21|). 3Ta MorxHas MaTeMaTHnecxaa MeTo^nica (otmcthm, hto OHa 
MoaceT 6bitb o6o6meHa Ha cnynaH KpHCTajuinnecKoro nojra, pacinenjiaioinero aTOMHBie 
TepMBi [22]) bbo^ht npe,n;cTaBjieHHe MHoro3JieKTpoHHBix KBaHTOBBix HHceji r = {SX/lM} 
BMecTo o^HosjieKTpoHHBix 7 = {Ima} , npnneM S = Xli s *' ^ = Yli ^ cyTb nojiHBie 
cnHHOBBifi h op6HTajiBHBifi yrjioBBie MOMeHTBi, a /i h M — hx npoeKHHH. Tor^a MHoro- 

HHCJieHHBie B03MO>KHBie KOM6HHaHHH Ha6opOB 7 ^JIS HaCTHHHO 3aH2TOH 060JIOHKH 3a- 

MeHaioTCH Ha6opaMH T. 06mee KojinnecTBo M3 cocto3hhh to ace caMoe, ho sHepreTH- 
necKoe BBipojK^eHHe chsto, Tax hto b 6ojiBHiHHCTBe <pH3HnecKHX 3a^an mojkho coxpa- 

HHTB TOJIBKO CaMBIH HH3KHH M3 TepM. CorjiaCHO npaBHJiaM XyH^a, OH COOTBeTCTByeT 

MaKCHMajiBHBiM L h S. B paMKax Taxoro no^xo^a npoGjieMa sjieKrpocTaTHnecKoro B3an- 
Mo^eficTBHH b cHCTeMe cbo^htch k BBiHHCJieHHio HecKOJiBKHx HHTerp ajioB CrraTepa 

KOTOpBie MOryT 6BITB paCCHHTaHBI C HCnOJIB30BaHHeM aTOMHBIX BOJIHOBBIX (pyHKHHH [23] 

hjih onpe^ejieHBi H3 sKcnepnMeHTajiBHBix ^aHHBix. 

OGte^rnHaa: 3jieKTpoHBi Ha Ka>KflOM y3Jie b pemeTKe (A = {z/T}), nojiynnM 

V(xx...x N ) = c(...N x ...)^ {Nx }(x 1 ...x N ). (10) 

B cjiynae KOHcpnrypannn 3KBHBajieHTHBix sjieKTpoHOB l n c o^HHaKOBBiM opGnTajiBHBiM 
KBaHTOBBiM hhcjiom MS BOJiHOBaa (pyHKirns sjieKTpoHHOH rpynnBi onpe^ejiaeTca cjie^y- 

lOUIHM peKyppeHTHBIM COOTHOHieHH6M (CM. [21j ) : 

^ r „(x! ...X N )= G^Ck-u^n-ifa ■ ■■Xn-M 1 {Xn), (11) 

r„_i,7 

r^e C — K03(pcpHn;HeHTBi KjieGma— Bop^aHa. B cjiynae LS'-cbh3h HcnojiB3yeM o6o3Hane- 

HHS 

riY n _ (~iL n M n sySnLin { A 0\ 

°r n -i,7 - L n _iAf n _ 1 ,;m 5n „ lMn _ li i (T ' \ lZ ) 

r^e cyMMHpoBaHHe no 7 = {Ima} (onycxaeM fljia: KpaTKocTH rjiaBHoe KBaHTOBoe hhc- 

Jio) CTOHT BMeCTO CyMMHpOBaHHH no O^HOSJieKTpOHHBIM OpGnTajIBHBIM npOeKUHflM 171 H 

cnHHOBBiM npoeKHHHM a, ho He no I. BejiHHHHBi G r n = Gg L ^i n _ ia _ t Ha3BiBaioTca re- 
HeajiorHHecKHMH KoscpcpnirneHTaMH (a — ^onojiHHTejiBHBie KBaHTOBBie nncjia, KOTopBie 
OTjiHHaioT pa3JiHHHBie coctohhhh c coBna^arouxHMH S, L, HanpHMep, hhcjio «ceHBopn- 
th», BBe^eHHoe Paxa). Ohh He 3aBncaT ot npoeKHnft MOMeHTa HMnyjiBca, a BejinnnHBi 

[G^* } HMeioT cmbicji BKjia^oB TepMa r n „! b (popMHpoBaHHe TepMa r„. 

Ecjih ^;o6aBjieHHBiH sjieKTpoH npHHa^jieacHT flpyrofi o6ojioHKe, mojkho 3anncaTB 

$r„(xi...x n ) = ^ 1/2 {-^ n ~ i Cr2_ 1 ,^T n . 1 {xi...x i - l ,x^ 1 ...x n - 1 )^(x i ) (13) 

i,r„_i,7 

TaK HTO, B OTJIHHHe OT CJiynaS 9KBHBajieHTHBIX SJieKTpOHOB, 3^eCB ^OnOJIHHTejIBHa3 aH- 

THCHMMeTpH3an;H5i Heo6xo^HMa. Cjie^yeT hmctb b BH^y, hto Taxoe npe^cTaBjieHHe M3 
cpyHKH,HH h onepaTopoB, KOTopBie onncBiBaioT HecKOJiBKo sjieKTpoHHBix oGojioneK, pa6o- 
TaeT b TeopHH TBep^oro Tejia jihihb npn ycjiOBHH, hto B3aHMO^eHCTBHe Meac^y oGojioh- 

KaMH BejIHKO no CpaBHeHHIO C 30HHBIMH 3HeprH5IMH. 
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BojiHOBaa cpyHKHHH Bcero KpncTajuia f lTOj) mojkct 6bitb TenepB nojiyneHa kbk aHTii- 
CHMM6Tpn30BaHH06 npon3Be,n,eHiie M3 cpyHKUHH fljia sjieKTpoHHBix rpynn. IIo aHajiorHH 
c (fTTj) . (TT3j) mojkho BBecTH M3 onepaTopBi pojKflemis: fljiH 3jieKTpoHHBrx rpynn |24j . ,Hjis 
SKBHBajieHTHBix sjieKTpoHOB h npn ^oGaBjieHHH sjieKTpoHa H3 /xpyroft oGojiohkh COOT- 

BeTCTBeHHO HMeeM 

4 =n- 1 ' 2 y Gp™ c*> ,44 ,.4 = y c*> ,44 . (u) 

r„_i,7 r n -i,7 

AHTHCHMMeTpna (pyHKi^nn |r„) = 4 JO) oGecnennBaeTca aHTHKOMMyTairneH cpepMH- 
onepaTopoB. HcnojiB3ys: cooTHonieHna opToroHajiBHocTH jj;jra KoscpcpnnneHTOB KjieGnia — 
Top^aHa n reHeajiornnecKHX KoscpcpnuneHTOB, jierxo nojiynnTB 

(0|Ar'4l°) = J rr'- O/iHa- 

ko npn m < n HMeeM Ar' m 4 |0) 7^ 0. IIoaTOMy onepaTopBi (fUj) . (114"]) ynp6HBi tojibko fljia: 
pa6oTBi c KOH(pnrypan,naMH c cpHKcnpoBaHHBiM hhcjiom sjieKTpoHOB (cKaxceM, b roMeo- 
nojiapHon Mo^ejin TanTjiepa — JIoH/jpHa) . fl^Jiz paccMOTpemiH npo6jieMbi c nepeMemeHneM 
sjieKTpoHOB Meacfly oGojionKaMH hjih y3JiaMH yjipGno onpe^ejinTB HOBBie MS onepaTopBi 
poJK^eHna, KOTopBie co^epacaT npoeKnnoHHBie MHOJKHTe jih , BBe^eHHbie b [25] [T4]: 

4=4na-n 7 ). (is) 

7 

OopMajiBHo npoH3Be^eHHe b (I15|) HfleT no BceM ^onycTHMBiM oflHosjiercrpoHHtiM cocto- 

HHHHM 7. OflHElKO B CHJiy TOJKfleCTBa aj y n 7 = ^OCTaTOHHO COXpaHHTB TOJIBKO T6 7, 

KOTopBie He bxojxht b cooTBeTCTByrornne npoH3Bejo;eHHH onepaTopoB b A-p. TenepB nojiy- 
naeM 

44 = 5 rr J];(i-n 7 ); 44 = 44 = o (|r)^o) (ie) 

7 

TaKHM o6pa30M, mojkho npnnTn k npejj;cTaBjieHHio M3 nnceji 3anojmeHH5i Np Ha /xaHHOM 
y3Jie: 

4|r') = 5rr|0), 4|r') = 5r'o|r), 

44 = Np, N r \T) = 6 TT >\T), ^ Np = I. (17) 

r 

Ilojj;HepKHeM, hto, bbo/xh M3 onepaTopBi, KOTopBie 3aBncar ot Bcex o/XHOsjieKTpoH- 
Hbix KBaHTOBBix nnceji (kbk 3aHHTBix, Tax h cBo6oiXHbix coctohhhh), mbi jj;ejiaeM cjie/xy- 
lomnH mar b KBaHTOBo-nojieBOM onncaHHH nocjie o6BiHHoro BTopnnHoro KBanroBaHns. B 
npHHirnne oho bo3mo>kho h 3a npejj;ejiaMH o/XHoaTOMHon 3a;o;aHH. 3;o;ecB cHOBa (k&k h npn 
o6cy>Kjj;eHHH nojiapHofl MOJj;ejiH) nojie3Ho paccMOTpeHHe npocTBix Mo,n;ejiBHBix chctcm th- 
na MOJieKyjiBi Bo,a;opo,z];a, a TaK>Ke cpaBHeHHe c npH6jiH>KeHH5iMH THna XapTpH-Ooxa (b 
tohhom cMBicjie, kbk oho HcnojiB3yeTCH b aTOMHofl Teopnn) . Boo6me roBopa, cne/xyeT 

HCnOJIB30BaTB MHOrOSJieKTpOHHBie BOJIHOBBie CpyHKHHH, KOTOpBie He CBO/XHTCH K CJISTe- 
POBCKHM JJ^eTepMHHaHTaM H He CpaKTOpH3yiOTCH Ha OJ0;HO3JieKTpOHHBie. 

npn npaKTHnecKHX BBiHHCJieHHHX y^;o6HO nepenTH ot M3 onepaTopoB pojKjj,eHH5i h 
yHHHTOJKeHHH k X-onepaTopaM Xa66apjj;a X(T, T') = A r Ari, KOTopBie nepeBOJj;HT cocto- 
HHne T' b cocTOHHne T. TaKHe onepaTopBi BnepBBie 6bijth npejo;jio>KeHbi b |13| aKcnoMa- 
THnecKHM cnoco6oM k&k o6o6m;eHHBie npoeKi^HOHHBie onepaTopBi: 

x(r,r') = |r)(r'|, ^x(r,r) = i, (is) 

r 
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r^;e |T) - TOHHbie coGcTBeHHbie coctohhhs: raMHjibTOHHaHa. IIpH stom npoH3BOJib- 
hbih onepaTop O, ^eftcTByiomHH Ha sjieKTpoHbi Ha ^,aHHOM y3Jie i, BbipajKaeTca nepe3 
X-onepaTopti Tax: 

6 = ^(r|6|r')x(r,r'). (19) 

IT' 

Hcnojib30BaHHe BBe^eHHbix Bbinie onepaTopoB sjieKTpoHHbix KOHCpnrypaHHH no3BOJiH- 
eT nojiyHHTt HBHbie BBip a>KeHH3 ,h,jisi X-onepaTopoB nepe3 o^H03JieKTpoHHbie onepaTopti: 

X(r,0)=4, X(T,T)=N r . (20) 

HanpHMep, paccMOTpHM npocTeHHinn cjiynafl s— sjieicrpoHOB, r^e 7 = a = ±(j", l), 
T = 0, a, 2 h |0) — CBoGo^Hoe coctojihh6 (^bipxa), a |2) — pp&TKRbi 3aHSToe cHHrjieT- 
Hoe cocTOJiHHe Ha y3Jie. Tor^a 

X(0, 0) = (1 - nt)(l - X(2, 2) = n t n h X(2, 0) = a\a\, 

X(a,a) = ^(l - n_ CT ), X(a, -a) = a j a a^ a , 

X(<7,0) = 4(l-n_ CT ), X(2, (7) = -aal a n a . (21) 

KaK cjie,n;yeT H3 ( |T6|) . npaBHjia yMHOJKeHHH, nocTyjiHpoBaHHbie Xa66ap^;oM [13], hmciot 
bh^ 

x(r, r')x(r", r'") = 5 r , r »x(r, V"). (22) 

X-onepaTopbi mojkho no^pa3flejiHTb Ha onepaTopti 6o3e- h (pepMH-rana: ohh cooTBeT- 
cTBeHHo MeHHioT KojiHHecTBo 3jieKTpoHOB Ha y3Jie Ha neTHoe h HeneTHoe hhcjio, a Ha pa3- 
Hbix y3Jiax penieTKH KOMMyrapyioT h aHTHKOMMyTHpyioT. Ha o^hom y3Jie X-onepaTopti 
o6jia^;aioT 3HaHHT6JiBHo Gojiee cjiojkhoh ajire6poil (TOHHee roBopa, cynepajireGpoft) kom- 

MyTaHHOHHBIX H aHTHKOMMyTaHHOHHBIX COOTHOHieHHH, HeM (pepMHeBCKHe H 6o36BCKHe 

onepaTopbi (26]. HjvreioTca nonbiTKH HcnojiB30BaTB cooTBeTCTByiomHe ^HHaMnnecKHe 
chmm6tphh 3a npe,n;e,naMH aTOMHoii 3a,naHH \27\ . 
H3 (TT4"|) nojiynaeM npe^cTaBjieHHe 

< = E nl/2 E G r:-A ul X(V n ,V n ^). (23) 
n r n r„_i 

B HaCTHOCTH, S— SJieKTpOHOB 

al = X(a,0) + aX(2,-a). (24) 

B paGoTax LQy6HHa h BoHcoBCKoro 6bijio HcnojiB30BaHo KBa3HKjiaccHHecKoe npnGjin- 
>KeHHe. Oho no cymecTBy coctoht b 3aMeHe X-onepaTopoB c-hhcjiobbimh cpyHKHHJiMH , 
onpe,n,ejiHioiii;HMH aMnjiHTyny BepoaTHOCTH npeGbiBaHHS y3Jia b coctohhhh o^HOKpaTHO 
3aHHToro y3Jia, ^bohkh hjih ^bipKH: 

0) <p*%, Xtf, -) -)• ^(2, 0) -> (25) 

C ^OnOJIHHTejIBHBIM yCJIOBHeM 



8 



3to cooTBeTCTByeT onpe^ejieHHio nojiHoft sHeprnn cncTeMBi H3 BapnaHHOHHoro npHHirnna 
c bojihoboh (pyHKHHen 

= JJ(tf *<(+, 0) + 0) + $*X i (2, ) + *J)|0> (26) 

i 

Ona cMeniHBaeT B036y>K^eHHH 6o3eBCKoro h (pepMHeBcxoro THna, a noTOMy He yzjoBjie- 
TBopaeT npHHirnny IlayjiH. TeM He MeHee, KBa3HKjiaccHHecKoe npH6jiH>KeHHe no3BOJiseT 
rpy6o onncaTB nepexofl MeTajiJi-H30JiaTop, hto h Gbijio npo^ejiaHO Bnocjie^cTBHH pa^oM 
aBTopoB (cm. o63op [7J). Tax, b pa6oTe KapoHa h IIpaTTa [2H] 6bijio flaace paccMOT- 
peHo cpe^Hee none fljia cpepMHOHOB, Tax hto cpaKTHnecKH Ha c-nncjia 3aMeH5ijiHCB He 
X-onepaTopBi, a oGbiHHbie cpepMHeBCKne onepaTopbi. 

npe^BocxHiiias: paGoTBi Xa66ap^a, ypaBHeHHH KBa3HKjiaccHHecKoro npnGjiHaceHKH [2j 
^aioT H3MeHeHHe hihphhbi 3HepreTHHecKofi nojiocbi, a Taxace oTHocHTejiBHoro pacnojio- 

JKeHHS pa3JIHHHBIX nOJIOC B 3aBHCHMOCTH OT HHCJia flBOeK H MarHHTHOrO MOMeHTa (coot- 

BeTCTByioBUHe pe3yjiBTaTBi b npe^cTaBjieHHH X-onepaTopoB paccMOTpeHBi mrace). B pa- 
6oTax [2j, TaK>Ke BnepBBie, no cymecTBy BBe^eHo aTOMHoe npe^cTaBjieHHe, b ^ajiBHeflnieM 
fleTajibHo pa3pa6oTaHHoe b pa6oTax [131 ESI [251 E] • 

B cbh3h c Teopnefl ^ByMepHBix BBicoKOTeMnepaTypHBix cBepxnpoBo^HHKOB (BTCI1) 
AH^epcoH [29] BBi^BHHyji H^ero pa3,n;ejieHHa: chhhobbix h 3apa^;oBBix cTeneHefi cbo- 
6o^bi sjieKTpoHa, ncnojibsya rjik X-onepaTopoB npe^CTaBjieHHe BcnoMoraTejiBHBix 
( " auxiliary " slave " ) 6o3eBCKHx h (pepMHeBCKHx onepaTopoB 

4 = Xi{a, 0) + aXi(2, -a) = + ad\s^ a . (27) 

3^ecB s\ a — onepaTopbi po>K^;eHHH ^jih HeHTpajibHbix cpepMHOHOB (chhhohob), ej, d\- 
onepaTopBi pcoK^eHHs fljia 3apsi>KeHHBix GeccnHHOBBix 6030HOB. Ohshhcckhh cMbicji Ta- 

KHX B036yjK^eHHH MOJKHO o6b.5ICHHTB CJieflyK)HI,HM o6pa30M. PaCCMOTpHM peHieTKy C Ofl- 
HHM 3JieKTpOHOM Ha y3Jie C CHJIBHBIM Xa66ap^OBCKHM OTTajIKHBaHHeM , TaK HTO KaJK^BIH 

y3eji HeflTpajieH. B ochobhom cocto5ihhh pe30HHpyioiiiHx BajieHTHBix cBH3eii (PBC, y Ah- 
,a,epcoHa RVB) KajK^Biii y3eji npHHHMaeT ynacTHe b o^hoh cbh3h. Kor^a cbs3b Hapynia- 
eTca, noaBjiaioTCH ,zrBa HecnapeHHBix y3Jia, KOTopBie oGjia^aioT cnHHaMH, paBHBiMH 1/2. 
CooTBeTCTByiomHe B036yjK^eHHH (cnHHOHBi) He 3apa>KeHBi. BMecTe c TeM, nycroft y3eji 
(^Bipxa) b cHCTeMe HeceT 3apa,n„ ho He cnHH. 

/Jjia nojiy3anojiHeHHOH 30hbi npncyTCTByioT tojibko cnHHOHHbie B036y2CfleHHH c kh- 
HeTHHecKofi sHeprneii nopa^Ka \J\. ilpn ^onnpoBaHKH cncTeMBi ^BipxaMH B03HHKaioT 
HocHTejiH 3apsma, KOTopBie onncBiBaioTca onepaTopaMH xojiohob ej. B npocTeHHiefi 6ec- 
mejieBofl BepcHH raMHjiBTOHnaH cncTeMBi rjik KBa^paTHofl penieTKH mojkct 6bitb npefl- 
CTaBjieH b BH^e 

H = ^(4t0 k - C)eU + 4 $^(A + t6)M^L-a + s^s-^) + ..., (28) 
k k 

r fle 0k — (1/2) (cos k x + cos k y ), A - napaMeTp nopa^xa coctohhhh PBC, kotopbih onpe- 
^ejieH aHOMajiBHBiMH cpe^HHMH cnHHOHHBix onepaTopoB, npHHeM 5 = (e^e) — kohh^h- 
Tpau,HH ^BipoK, ( - xHMHHecKHH noTeHHiiaji. TaKHM o6pa30M, B03HHKaeT cocTOHHHe cnn- 

HOBOH JKH^KOCTH C nO^aBJieHHBIM ^ajIBHHM MarHHTHBIM nopH^KOM. IIpH 3TOM B HHCTO 
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cniiHOBbix (HefloimpoBaHHbix) cncreMax BCJie^cTBHe cyrnecTBOBaHHH cpepMneBCKon no- 
BepxHocTH cnnHOHOB noHBjijnoTcs MajiBiH sHepreTnnecKnn MacniTaG J h Gojibhioh JIH- 
HenHBin HjieH b yn;ejiBHOH TenjioeMKocrn c 7 ~ \/\ J\ (HeKOToptie sKcnepnMeHTajiBHBie 
^aHHBie yKa3BiBaioT Ha npncyTCTBne T-jinHenHoro njieHa b HenpoBCflHrnen cpa3e Me^B- 

KHCJIOpO^HBIX CHCTeM). 

IIo3>Ke Gbijih pa3BHTBi 6ojiee cjio>KHBie BapnaHTBi Teopnn PBC, KOTopBie HcnojiB3yioT 
TonojiornnecKoe paccMOTpeHne n aHajiornn c ^poGhbim KBaHTOBBiM scpcpeKTOM Xojuia 
(cm., Hanp., [15J). 3th n^en npnBejin k ^obojibho HeoGBiHHBiM n KpacnBBiM pe3yjiBTaTaM. 
HanpHMep, noKa3aHO, hto ciiiihohbi MoryT ncflHHHHTBCH ,npo6HOH CTaTHCTHKe , t. e. boji- 
HOBaa (pyHKHHJi chctcmbi npnoGpeTaeT KOMnjieKCHBift KoscpcpHHHeHT npn nepecTaHOBKe 

^ByX KBa3HHaCTHU,. 

HcXOflS H3 KOHKpeTHOH (pH3HHeCKOH 3aflaHH H CHTyaiTHH, HCnOJIB3yiOTC2 pa3JIHHHBie 

npe^cTaBjieHHa ^jia onepaTopoB Xa66ap^a. B pa6oTe [3D] Gbijio npe^jio>KeHo npe^cTaBjie- 
HHe neTBipex 6030HOB p ia , e«, di, KOTopBie ocyraecTBjiHioT npoeKTupoBaHne Ha o^HOKpaT- 

HO 3aH3TBie COCTOHHHH, ^BipKH H ^BOHKH COOTBeTCTBeHHO. B pe3yjIBTaTe raMIIJIBTOHIiaH 

Xa66ap^a npiiHiiMaeT bh^i; 

n = Yl tijf&i'zLzj' + U Y1 4 d h Zi ° = e ^ Vi ° + Pi- A, (29) 

ija i 

npnneM HaKjia^BiBaiOTCH ^onojiHHTejiBHBie orpaHHneHHH 

^2pLp^ + 4 d i + 4 d i = 1> flfi* = vloViv + d\di. 

a 

3to npe^cTaBjieHiie no3BOJinjio KaiecTBeimo Bocnpon3BecTii pafl npe>KHiix pe3yjiBTaTOB 
(HanpHMep, kbk h KBa3HKjiaccHHecKoe npnGjinxceHHe (125|) . nonynHTB onncaHne nepexo^a 
MeTajui-H30JiHTop no ryTnBHjijiepy) . 

B pa6oTe [3TJ 6bijio npefljioaceHo npe^cTaBjieHne, ccflepjKarnee ^Ba copTa cpepMneBCKnx 
onepaTopoB - xojiohob n ,zry6jioHOB di, KOTopBie cooTBeTCTByioT ^BipxaM n ^BoflKaM: 

Xi(+,0) = ei(l - rfK)(V2 + sf), X i (-0) = e i (l-d\d i )s7, 

X(2,-) = 4(1-4^+ X(2,+) = 4(1 -4^(1/2 + ^) (30) 

Ilpn 3tom onepaTopBi (pH3nnecKnx cnnHOB CBH3aHBi c nceB^ocnnHOBBiMH onepaTopaMH 
sf cooTHonieHneM Sj = Sj(l — 4 d i ~ e l e i)- PaHee paccMaTpnBajincB pasjinnHBie nacTHBie 
cjiynan 3Toro npe^cTaBjieHHH, cooTBeTCTByioiixiie npe^ejiy Gojibuihx U (t — J Mo^ejin, 
cm. o63op |32|). B ^ajiBHennieM 6bijih npefljioaceHBi TaK>Ke cynepcnMMeTpnnHBie npefl- 
CTaBjieHHs |33| . Otmcthm, hto b TeopeTHKo-nojieBBix no^xo^ax oKa3ajiocB nojie3HBiM 
o6o6rneHHe o6bihhoh Mo^ejin Xa66ap^a Ha N <Kii;BeTOB», KOTopoe no3BOJiHeT BBinojmnTB 
l/iV-pa3Jio>KeHHe no oGpaTHoii KpaTHocTH BBipoac^eHna. 

ripn yBejinneHHH chjibi Koppeji3ii;HH b M3 cncTeMax nponcxo^HT CMeHa CTaTHCTHKH 
sjieMeHTapHBix B036y>K^;eHHH c 30hhoh Ha aTOMHyio, KOTopaa npoHBjineTCH xax nepexo,n, 
MeTajui-H30JiHTop (cpopMnpoBaHHe xa66ap^oBCKHx no^30H). OopMajiBHoe onncaHHe TaKo- 
ro nepexo^a 0Ka3BiBaeTCH KpaflHe cjiojkhbim. J\nsi penieHHH stoh npoGjieMBi, b nacTHocTH, 
npe^jiarajiocB cMeniHBaHne 6a3Hca H3 oGbihhbix o^HosjieKTpoHHBix h MHorosjieKTpoHHBix 
X-onepaTopoB, a TaK>Ke ncnojiB30BajiocB KOHCTpyKn^HS Ganmn cnMMeTpnn [27J. 
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OnepaTopbi cnnHOBoro h yrjioBoro MOMeHTa b hhcto jioKajiH30BaHHbix cncTeMax Tax- 
>Ke MoryT 6bitb npe^cTaBjieHBi nepe3 X-onepaTopbi. YnHTbiBas: BbipaxceHnn fljia MaT- 
Phhhbix 3jieMeHTOB yrjioBoro MOMeHTa, Haxo^HM fljia nHKjiHnecKnx KOMnoHeHT BeKTopa 
I = S, L, J 



I + = J2~ fI (M)X{M + l,M),r = ^MI(M,M),7 / (M) = [(I - M)(I + M + 1)] 1/2 . 

M M 

(31) 



HcnojiB30BaHHe onepaTopoB Xa66ap^a ^aeT bo3mojkhoctb npocTbiM cnocoGoM nojiy- 
hhtb rjiaBHBie pe3yjiBTaTBi Teopnn ren3eH6eproBCKnx MaraeTHKOB. B nacTHOCTH, stot 
cpopMajiH3M no3BOJiseT ynecrb cnjiBHyio oflHOHOHHyio m amHTHy io aHH30Tponnio b Hyne- 
bom npnGjiHJKeHHH [331 |8]. TaMnjibTOHHaH Mo^ejiH refi3eH6epra c npoH3BOJibHOH o^ho- 
y3ejibHOH aHH30TponneH HMeeT bh^ 

B npe^cTaBjieHHH X-onepaTopoB raMnjiBTOHnaH aHH30TponnH npHmmaeT ^HaroHajiBHBifi 
Bim. B cnynae aHH30TponHn rana jierxaa ocb HMeeM 

H a = - J2M S ?) + HS f) = - X>M + HM]X t (M, M), (33) 

i iM 

r,n;e H - MaraHTHoe nojie. Xho6ho BBecTH KOMMyTaTopHBie (pyHKHnn TpHHa 

G q (w) = «S+|Sr q » w , G^uiu) = ((X q (M + 1, M)\SZ^. (34) 

3anHineM ypaBHeHHe flBHxeHHa , b kotopom bbuiojihum npocTeinnee pacn,enjieHne, coot- 
BeTCTByiomee pacn,enjieHnio TaGjiHKOBa Ha pa3JinHHbix y3Jiax peineTKH 

(cu-H- <p{M + 1) + <p(M) + 2J (S z ))G (iM (uj) = 

= ls (M)(N M+1 -N M )[l + J q G q (w)], (35) 

r,n;e = (X(M, M)). Ilocjie cyMMnpoBaHHH no M nojiynaeM 

_ <frs(a;) v 7 l(M)(iV M+1 -iV M ) 



CneKTp B036y>K^;eHHH onpe^ejiaeTCH nojnocoM (136|) h co^,ep>KHT 25" BeTBefl. Bbipaxce- 
hhh (|35|) . f l3"6"j) no3BOJiaioT bbihhcjihtb HHCJia 3anojmeHHH n nojiy^HTb caMocorjia- 
coBaHHoe ypaBHeHHe fljia HaMarHHnenHocTH. Eme 6ojiee HHTepecHbiMH 0Ka3biBaroTcs pe- 
3yjibTaTbi b cnynae aHH30TponHH THna jierxaH njiocKocTb n KyGnnecKHx KpncTajuioB [M] . 

CoBpeMeHHbie Hccjie^oBaHna KBaHTOBbix ^ByMepHbix aHTHcpeppoMameTHKOB c jioKa- 
jiH30BaHHbiMH cnHHaMH (cm., Hanp., |35j ) fleMOHCTpHpyioT oneHb KpacHByio cpH3HKy; npn 
3tom (pa30Ban ^narpaMMa HBjiHeTCH oneHb GoraTofl — oHa BKjnonaeT xax MaraHToyno- 
pH^oneHHbie cpa3bi, Tax h cocroHHne cnHHOBofi jkh^kocth. HHTepecHo, hto 3Ta npoGjieMa 
cbo^htch k ^ByMepHOMy 6o3e-ra3y b MarHHTHOM nojie |15| . 
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2.2 3jieKTpoHHbifi cneKTp b Mo^ejin Xa66ap,a,a h nepexo^ 

MeTaJIJI-H30JIHTOp 

06cyflHM Tenepb nojmBiH raMHjiBTOHHaH MHorosjieKTpoHHOH chctcmbi KpncTajuia. J^Jia 
nepexo^a k npe,n;cTaBjieHHio BTopniHoro KBaHTOBaHira b cjiynae BBipojK^eHHBix 3jieK- 
tpohhbix 30H mojkho Hcnojib30BaTb npn6jiH:>KeHHe chjibhoh CBH3H, npe^nojiaraa , hto 30- 

Hbl npOHCXO^ST H3 aTOMHBIX BOJIHOBBIX (pyHKITHH 

yima{x) = <-Pim(r)xa(s) = Ri(r)Y lrn (r)xa(s) (37) 

r,n;e s — cniiHOBasi Koop^HHaTa, Ri — pa^najiBHasi BojiHOBaa (pyHKirna, Y — ccpepuHecKasi 
rapMOHHKa, r = (0,<f)), I h m - op6nTajiBHoe h MarHHTHoe KBaHTOBBie nncjia. Tor^a 
raMHjiBTOHnaH npuMeT bh,h §2§ c 3aMeHofi z/j — > Viliirti. Cjie,n;yeT, oflHaKo, hmctb b Bimy, 

HTO aTOMHBie CpyHKUHH He y^OBJieTBOpaiOT yCJIOBHK) OpTOrOHajIBHOCTH ^JI3 pa3JIHHHBIX 
y3JIOB Z/, KOTOpOe ^OJIJKHO BBinOJIHHTBCH flJIH npOI^e^ypBI BTOpHHHOrO KBaHTOBaHH2. 

ripome Bcero ncnojiB30BaTB npou,e,n;ypy opToroHajiH3auHH, npe^jioaceHHyio Borojiio- 
Gobbim [9] . C tohhoctbio j\o nepBoro nopa^xa no nepeicpBiTHio aTOMHBix cpyHKUHH opTO- 

rOHajIH30BaHHBie (pyHKITHH HMeiOT BHfl 

ipvlmi*) = ¥>vlm{r) - ~ Wz'm'( r ) J <^W( r ')^w(r) dr' . (38) 

v'^v I'm' 

3anHineM raMHjiBTOHHaH b MHorosjieKTpoHHOM npe,zi,CTaBjieHHH, yniiTBiBaa o^Hoy3ejiB- 
Hoe KyjioHOBCKoro OTTajiKHBaHiie h Me>Ky3ejiBHBiH nepeHoc sjieKTpoHOB (hto cooTBeT- 
CTByeT Mo,n;ejiH Xa66ap,n;a) : 

+ B UlU . 2 (T n T n _i, r n /r n /_i)x 1/1 (r n r n _i)x I/2 (r n /r n /_i), (39) 

i/ 1 ^i/ 2 r n r n _ 1 r n ,r n ,_ 1 

B npeHe6pe>KeHHH 3aBiiciiMocTBio sHepraii TepMa ot M3 KBaHTOBBix Hiiceji HMeeM 

E r = l -n{n- 1)F (0) (//). (40) 
r,n;e - HHTerpajiBi CnsTepa. YneT Taxnx BKjia,n;oB c p = 2, 4, ... ,n,aioT 3aBHCHMocTB 

SHeprHH TepMOB OT M3 KBaHTOBBIX HHCejI S, L B COOTBeTCTBHH C npaBHJIOM Xyrma. 

MHoroajieKTpoHHBie HHTerpajibi nepeHoca co^ep>KaT BKjiafl, cBH3aHHBifi: c MaTpiiHHBi- 
mh sjieMeHTaMH sjieKTpocTaTHnecKoro B3aHMo^,eflcTBH5i fljia i>i U3, v-i = V4 (cp. ([1])). B 

HaCTHOCTH, flJIH S-30H (b MO^ejIH ([[])) HMeeM 

H = U X v {2, 2) + Y, (C!4 (^ °)^ 2 (0. ° ) + C 2 ^i (2, ^)^ 2 (^ 2)+ 

+ at^ i %[X l/1 (a,0)X l/2 (-a,2) + X vl {2,-a)X V2 {Q,a)]}, (41) 
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r^e U = Iuwu = -F^(OO) — napaMeTp Xa66ap^a, 

+ (00) _ f +(22) _ , , nr 

V VlV2 h V\V2,1 L V\l>2 L V1V2 ' ^ 1 V\U\V2V\1 

,(02) .(20) = t i I un\ 
cyTt> HHTerpajiBi nepeHoca fljia /XBipoK h jxbock h HHTerpaji pojK^eHiisi /XBipoK h flBoeic; b 

COOTBeTCTBHH C ( )38|) 

= - 2" / ^( r )^i( r ) rfr ' ( 43 ) 

r/re HHTerpajibi / bbihhcjihiotch fljia aTOMHBix cpyHKHHH (p. 

3aBHCHMocTb HHTerpajioB nepeHoca ot aTOMHBix M3 TepMOB MoxceT 6bitb MeHee Tpn- 
BiiajiBHofi, ecjiH HcnojiB30BaTb npn penieHHH aTOMHoii npoGjieMBi Gojiee cjiojKHBie no/xxo- 
jxbi, hgm b pa3^;ejie 2.1. HanpHMep, o6m;ee npnGjinaceHHe XapTpn— <J>oKa (cm. |21] ) jj,aeT 

pa^HajIBHbie 0,H,H03JieKTpOHHBie (pyHKHHH, KOTOpbie HBHO 3aBHC3T OT aTOMHBIX TepMOB. 

B HexoTopBix Bapnau,HOHHBix no^xo^ax MHorosjieKTpoHHoft aTOMHoii Teopnii (cm. [36J) 

M3 BOJIHOBBie (pyHKHHH He CpaKTOpH3yiOTC5I Ha O^HOSJieKTpOHHBie. IIosTOMy HHTerpajiBi 

nepeHoca ^ojijkhbi 6bitb bbihhcjichbi c HcnojiB30BaHHeM MS bojihobbix (pyHKHHH, KaK 
o6cy>K^i;ajiocB bbihic B nacTHocTH, jj,ji2 s-30H HHTerpajiBi ( 142]) MoryT oTjinnaTBcs /xasce b 

npeHe6pe>KeHHH MeJKaTOMHbIM KyjIOHOBCKHM B3aHMOJj;eHCTBHeM H HeOpTOTOHajIBHOCTbK). 

KpoMe SToro, mojkct noTpeGoBaTBCH MHorosjieKTpoHHBiH no/xxoii,, KOTopBifl npHHHMaeT 

BO BHHMaHHe B3aHMO^eHCTBHe pa3JIHHHBIX SJieKTpOHHBIX o6ojIOHeK. 

IlpHBe^eM eni,e BBipaaceHHe rjik napaMeTpa npnMoro o6MeHa b cjiynae HeBBipoac^eH- 
hoh 30Hbi j37] (b o6meM cjiynae MaTpHHHBie sjieMeHTbi oGMeHHoro h KyjioHOBcxoro B3a- 
HMO^elicTBHa MoryT 6bitb BBipa>KeHBi nepe3 K03(p(pHHHeHTBi Kjie6iHa-rop,a;aHa [38] E] ) : 



Jv\V2 Iv\U2V2V\i ^ J v\V2 ^v\V\v%v\i Ti'i V2 / dvif [T ) (f Vl (r) . (45) 



r^e 



KpoMe -cnoTeHi^HajiBHoro > o6MeHa THna OH]) paccMOTpHM «KHHeTHnecKoe» o6mch- 
Hoe B3aHMo^eHCTBHe, KOTopoe noHBjiHeTca bo btopom nopa/xice TeopHH B03MymeHHH no 
nepeHocy. B npnGjiHJKeHHH (1401) HMeeM 

* = E )-fw§-} {niU2 + 4(SiSs) - (2/ + + n2)} - (46) 

3TOT MexaHH3M npHBO^HT K aHTHCpeppOMarHHTHOMy B3aHMO^eHCTBHK), TaK KaK BBIHr- 
PBIHI B KHHeTHHeCKOH SHepTHH flOCTHTaeTCSI npH aHTHnapajIJiejIbHOH OpHeHTaHHH CnHHOB 

sjieKTpoHOB. HHCJieHHBie pacneTbi (cm., Hanp., [4J) noKa3BmaioT, hto npn peajiHCTHnecKHx 
Me>KaTOMHBix paccToaHHHx ^aHHBili BKjiafl, KaK npaBHjio, npeo6jiaflaeT Ha/j; cpeppoMar- 

HHTHblM nOTeHHHajIBHBIM oGmCHOM. TaKHM o6pa30M, MO^ejIB JIOKajIH30BaHHBIX CnHHOB 

He o6T.acH5ieT <peppoMarHeTH3M MeTajuioB rpynnbi >Kejie3a. 
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Tenepb 3anHineM raMHjibroHHaH Mo^ejin Xa66ap,na c cHjibHMMH KoppejiHHHHMH b 60- 
jiee npocTOM BH^e 

kmcr ir 

3^,ecb mm He yHHTbiBaeM 3aBHCHMocTb HHTerpajioB nepeHoca ot m, t. e. npeHeGpera- 
eM scpcpeKTaMH KpHCTajiJiHHecKoro nojia. Taxoe npn6jiH>KeHHe no3BOji5ieT b npocTeflineM 
cjiynae paccMOTpeTb scpcpeKTM MHorosjieKTpoHHofi TepMOBoft cTpyKTypbi b cneicrpe. Pa- 
3yMeeTC3, oho HBjiaeTca He cjihhikom peajitHtiM, nocKOJibKy op6HTajibHbie momchtm b 
TBep^oM Tejie o6mhho b 3HaHHTejibHOH cTeneHH 3aMopo>KeHM (8J [T3] . 
PaccMOTpHM o^HosjieKTpoHHyio cpyHKH,Hio TpHHa. CorjiacHo fl23|) . 



G k7 (£) = K>j<> = £ n 1 ^Gf^ 1 (7{>_ lf7 <(X k (r w _ 1) r B )|aL y >> B . (48) 



"r n r n _i 



B ypaBHeHHH ^BHJKeHHH ^jih cpyHKi^HH TpHHa b npaBott nacTH ( I48p BBinojiHHM npo- 
cTeflHiee pacHennefflie, KOTopoe cooTBeTCTByeT pacuenjieHHio Ha pa3Hbix y3Jiax pemeTKH 
«Xa66ap,n-I» PUJ HU d3] • B pe3yjibTaTe nojiynHM 



G k ,(E)= ^ ( f) $ 7 (£)= T *fa> (49) 
71 ^ l-t k $ 7 (£)' 71 ; r V V r »-* r "-W E — E Tn + £r n _i 1 ^ 

W-A n-L n — 1 

OTMeTHM, hto Bbipa>KeHHH (14*9]) HMeioT CTpyKTypy, KOTopaa HanoMHHaeT ( |36|) h jierxo 
o6o6uiaeTCH c yneTOM o^Hoy3ejibHoro KpHCTajuiHHecKoro nojia (cm. Taxace |11]). Hcnojib- 
3ya fljiH i?r npnGjinxceHHe (1401) , mojkho npocyMMHpoBaTb reHeajiorHHecKne KoscpcpHnneH- 
tm b (14"9]) . Tor^a 3aBHCHMocTb ot M3 KBaHTOBbix HHceji L, S Hcne3aeT, hto cooTBeTCTByeT 

npH6jIHJKeHHK) 

B oTcyTCTBHe MarHHTHoro h opGnTajibHoro ynopji^oHeHHa HHCJia 3anojiHeHHH 
b (jl9]) He 3aBHcaT ot npoeKHHH cnHHa h mm HMeeM 

= £ i(^-i^-i)-(^:-)' g -V^' . (50) 

ill n*- n—l 

([A] = 2A + 1). CneKTp B036y>K^;eHHH onpe^ejiseTcs ypaBHeHHeM 1 — ti c $ 7 (£') = 0. Ta- 
khm o6pa30M, Me>Ky3ejibHMH sjieKTpoHHMH nepeHoc Be^eT k pa3MMTHK> Kaac^oro nepe- 
xo^a Meac^y aTOMHMMH ypoBHHMH b xa66ap^,OBCKyio no^30Hy 3th no^30HM pa3,n,ejieHM 

K0ppejI3H,H0HHMMH IHejISMH. B HaCTHOCTH, flJIH S-30HM MM nOJiynaeM CneKTp, KOTOpMH 

co,ri,ep>KHT b (peppoMarHHTHofi (pa3e neTbipe nofl30Hbi: 

E £ = \ {*k + U t [(t k - Uf + U k U{N_ a + N 2 )] 1/2 } . (51) 



Bbipa>KeHHe ( loTjl MoateT 6biTb Taxace nepenncaHo nepe3 o^HosjieKTpoHHbie nncjia 3anoji- 
HeHHH, nocKOJibKy N a + N 2 = n a , N a + Nq — 1 — n^ a . B oTjinnne ot npnGjinaceHKH 
XapTpn-OoKa-CTOHepa E^ = t k + Un_ a , 3aBHCHMocTb cneKTpa ot nnceji 3anojiHeHHH 
He cbo^htch k nocTOHHHOMy c^BHry no^30H. CneKTp npH6jiH>KeHH5i «Xa66ap^,-I» HMeeT 
HanGojiee npocTofl bh^ b cjiynae Gojibninx U, Kor,ri,a 

Ei a = (1 - n_ CT )t k , El a = t k n^ + U. (52) 
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Mojkho npe^nojio>KHTb, hto b ^eficTBHTejibHOCTH HeKOTopbie no^30Ht.i njioxo onpe^ejieHbi 
H3-3a Gojibiiioro 3aTyxaHH2. 

JXjik HjunocTpauHH paccMOTpHM npocroH npHMep HacbimeHHoro xa66ap^oBCKoro cpep- 
poMaraeTHKa c Majioft KOHHeHTpaHHeft HocHTejieft Toxa (^BoeK) c, r^e BbiHHCJieHne pja,- 
e T |39| 

-i -l ' 



G H (E) = JE-t k + (l-c) 



^E-t k + 



(53) 



(w q - nacTOTa MaraoHOB). TaKHM o6pa30M, HeKOTopbie sHepreTHHecKne 3HaMeHaTejiH 

3aMeHHK)TCH pe30JIBBeHTaMH H COOTBeTCTByiOmHe COCTOaHHH HMeiOT HeKBa3HHaCTHHHyiO 

npnpo^y. IIpH Majitix 3HaneHH5ix c cpyHKHHa: TpHHa (I53p He HMeeT nojnocoB hhjkc ypoB- 
H3 OepMH. O^Haxo c yBejinneHHeM c cpyHKUHa TpHHa npHo6peTaeT cnHH-nojispoHHbiH 
nojiioc HH>Ke E-p h HacbimeHHbiii <peppoMarHeTH3M pa3pyinaeTCH [40J. 

BbipaaceHHe (p)3"j) mojkho cpaBHHTb c cooTBeTCTByioiHHM pe3yjibTaTOM fljia napaMar- 
hhthoh cpa3bi b npn6jiH>KeHHH «Xa66apfl~ III» (cp. (159|) ) 



E-h 



£ 

q 



Gq(£) 



-1 



(54) 



B OTjiHHiie ot (j53p . ypaBHeHiie (154]) He co^ep>KHT cpepMHeBCKHe (pyHKUHH, Tax hto HeKO- 
repeHTHbie (HeKBa3HHacTHHHbie) coctojihhs He ncnesaioT Ha E-p . IIo^o6HaH rarryainis: Bce- 
r^a HMeeT MecTo b npnGjiHJKeHHH «Xa66ap^-III> [T2"j HTf US] , r^e 3aTyxaHHe Ha ypoBHe 

OepMH KOHeHHO (cm. (IBDj) . (1541) ) . 

OjiyKTyan,HOHHbie nonpaBKH k sjieKTpoHHbiM cpyHKUHSM TpHHa npnGjinxceHHs: 
«Xa66apfl-I» Gmjih nojiyneHbi b paGoTax |41[ I3U| |4"2"| |4"5] b paMKax cpopMajibHoro pa3Jio- 
>KeHHa no 1/z (z — hhcjio 6jiH>KaHHiHx coce^en). Ohh Bbipa^KaioTca nepe3 o^HonacTHH- 
Hbie HHCJia 3anojiHeHH5i h cnHHOBbie h 3apH^,oBbie KoppejiauHOHHbie cpyHKHHH 



Ac 



(szzsz) = (iTir) 



-q q 

-oo 
-q 



(5(X™+X™)5(X° Q ° + X™)), 5A = A-(A) 



(55) 



OopMajibHyio npoGjieMy, cBH3aHHyio c HapyineHHH aHajiHTHnecKHx cbohctb b stom pa3- 
jio>KeHHH [T71 dH] , yflajiocb peniHTb nepexo^oM k jioxaTopHOMy npe^cTaBjieHHio cpyHKHHH 
TpHHa [13]. CooTBeTCTByioHtHH pe3yjibTaT HMeeT bh^i; 



GUE) 



Fka(E) — t k ' 



FUE) 



Mg) 

a k(T (£) 



(56) 



a ^ E) = -^ + ^rrr + {E-E—u)^ t - 

q 

., ( -En^ + U((cl_ a X^)- Xk H) En^ + UjajX^c^ + K^) 
X I £ 2 - E{t^ + U) + Ut^No + iV_ CT ) £ 2 + £(t q - [/) - Ut^Nr + N 2 ) 



E 2 - £(t q + U) + Ut^No + N a ) 
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£ E-U) ^ *yE 2 - E(t n + U) + Ut n (N + AL CT ) 

+ £ 2 + £(t q -f/)-f/t q (iV (T + iV 2 )y' ' 1 j 

3th BL»ipa>KeHHa MoryT 6t.iTt> Hcnojib30BaHbi ^jih aHajiroa sjieKrpoHHoro cneicrpa h pa3- 
jihhhbix cpa30Bt>ix nepexo^oB b Mo,zi;ejiH Xa66ap,na; npn 3tom KoppejiHHHOHHbie cpyHKHHH 
^ojijkhbi Haxo^HTbCH caMocorjiacoBaHHo. K coacajieHHio, Taxoe nccjieflOBamie noxa 

KOHU,a He BBinO JIHeHO , nOCKOJIBKy OHO CTajIKHBaeTCH C BblHHCJIHTejIbHblMH TpyZTHOCTHMH. 

/Jjifl napaMarHHTHofi cpa3bi uxejib b cneicrpe (l5Tj) coxpaHHeTca npn ckojib yroflHO Ma- 
jibix U. Hto6m onncaTb nepexo,ri; MeTajui — hsojihtop, KOTopbifi HMeeT MecTo npn U ~ W 
(W — HinpHHa 30Hbi), Tpe6yioTC5i 6ojiee cjioacHbie caMocorjiacoBaHHbie npnGjiHJKeHHH rjik 
sjieKTpoHHbix cpyHKHHH TpHHa. IlepBoe onncaHHe Taxoro THna Gbijio npefljioaceHo Xa6- 
6ap^;oM [12]; 6ojiee npoeroe npnGjinaceHHe Hcnojib30Bajiocb 3aHHeBbiM [26J. 

BbipaaceHHe «Xa66ap,n;-III» fljia oflHosjiercrpoHHoii cpyHKHHH TpHHa b cnynae Hano- 
jioBHHy 3anojmeHHOH 30hbi mojkct 6bitb npe^cTaBjieHo b BH^e [18] 



G lL {E) = [E-t 1t -E{E)]-\ (59) 

npHHeM sjieKTpoHHaa co6cTBeHHaH sHeprns: onpe^ejiaeTca caMocorjiacoBaHHo nepe3 toh- 
Hyio pe30JibBeHTy: 



U 2 

E(E) = — — R(E) 



H ^ { E)n(E) + En(E)[^-l 



R(E) = ^G k (E), (60) 



r,n;e — 3/4 - HopMHpoBaHHBiH KBa^paT nojiHoro cnHHa Ha y3Jie. BbipajKeHHe (160]) Bbi- 
nojiHHeTCH TaKJKe rjik KjiaccHHecKoft (S — > oo) s — d oGmchhoh Mo^ejiH, ecjin mbi nojio- 
jkhm ^ = 1/4, U — > 2|LS|. Tor^a cpopMyjia ( 160 p ynpomaeTCH h coBna^aeT c pe3yjibTaTOM 
npH6jiH>KeHH3 KorepeHTHoro noTeHHHajia (CPA) b TeopHH HeynopH^oHeHHbix cnjiaBOB. 

He,n;ocTaTKH npnGjiHJKeHHH |12[ 126] (HapyineHHe aHajiHTHnecKHx cbohctb cpyHKHHH 
TpHHa, HecaMocorjiacoBaHHoe onncaHHe TepMo^HHaMHnecKHx cbohctb) o6cy>K^aioTCH b 
pa6oTax |17[ 18J c tohkh 3peHHH l/z-pa3JK»KeHHH. IIpaBHjibHoe onncaHHe nepexo,n;a Mot- 
Ta— Xa66ap,n;a hbjihctcs BaacHon (pH3HnecKoii npo6jieMOH. B nocjie^Hee BpeMn 3,zpecb hih- 
Poko ncnojiB3yeTCH npn6jiH>KeHHe 6ecKOHenHOH pa3MepHocTH npocTpaHCTBa d, KOTopoe 
CTpoHTCH b paMKax ^HHaMHHecKOH TeopHH cpe,HHero nojia (DMFT) jH]. npn stom hc- 
xo^Han npo6jieMa cbo^htch k scpcpeKTHBHOH oflHonpuMecHoft Mo^ejiH AHflepcoHa c HeTpn- 
BHajiBHOH ^HHaMHKOH, rfle ocTaeTcs B3aHMOfleiicTBHe sjieKTpoHOB tojibko Ha oflHOM y3Jie, 
norpy>KeHHOM b TepMOCTaT cbo6o^,hbix cpepMHOHOB, napaMeTpti KOToporo onpe^ejiaioT- 
ch caMocorjiacoBaHHbiM o6pa30M. 3to npnGjinaceHHe no3BOJiHeT nojiynHTb TpexnHKOByio 
CTpyKTypy hjiothocth coctohhhh, BKjHOHaa koh^obckhh nHK Ha ypoBHe OepMH. Oho 
Mo>KeT 6bitb cpopMajiBHo oGoGmeH Ha npoH3BojibHBie penieTKH. TaKofl noflxofl mojkct fla- 
BaTb ,n;Ba cpa30Bbix nepexo^a: npn U > U c \ HapymaeTCH (pepMHJKH^KocTHan KapTHHa, a 
npn U > U C 2 > U c \ cHCTeMa nepexo^HT b H30JiHTopHoe cocTOHHHe. 

YneT cpepMHeBCKHx B036y2CfleHHH b paMKax 1 / z-pa3jio>KeHHH Gbiji BbinojiHeH b pa6o- 
Te |42| . Hcnojib30BaHHe jioKaTopHoro npe^CTaBjieHHH ^jih (pyHKi^HH TpHHa (I56p no3BO- 
jihjio nojiyHHTb npaBHjibHbie aHajiHTHnecKHe cBoiicTBa h BocnpoH3BecTH TpexnHKOByio 
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Phc. 1: IIjiothoctb cocto5ihhh b Mo^ejiH Xa66ap,a,a pjm saTpaBOHHoft nojiysjiJiiinTHHecKoft 

30HBI npH pa3JIHHHBIX 3HaHeHHHX U [12] (W - IIIHpHHa 30HBl). 



CTpyKTypy. Hcnojib3ya (|57|) . (|58p H npeHeGperaa HMnyjibCHoft 3aBHCHMOCTbio Koppejia- 
uiioHHbix (pyHKijHH, caMocorjiacoBaHHBili pe3yjiBTaT ,h;jih jioxaTopa F(E) = b(E)/a(E) 
mojkho 3anncaTB b BH^e 

a(E) =1 + -— £ t q G q (£) + ^ E t* G *W"*> 
q q 

b(E) =F (E) + ^ q (£)n q , (61) 

q 

r,n;e n q — ToiHbie HHCJia 3anojmeHHa. CooTBeTCTByiomasi aBOjirouiia sjieKTpoHHoro cnex- 
Tpa b 3aBHCHMocTH ot napaMeTpa B3aHMo^eflcTBHH noKa3aHa Ha puc. [TJ 

AjibTepHaTHBHaa KapTHHa mottobckofo nepexo^a, KOTopaa Gbijia pa3BHTa b paMKax 
nojiapHoft Mo^ejin, - cBsi3BiBaHHe HocHTejiefi TOKa npoTHBonojicoKHoro 3HaKa (^BoeK h 
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^bipox) b GecTOKOBtie sjieMeHTapHbie B036yacfleHna - skchtohbi ocoGoro THna; b ochob- 

HOM COCTOHHHH npOHCXO^HT HX KOHfleHCaUHH [45, 46J. Ba>KHO OTMeTHTB, HTO npHHHHOH 

3thx HBjieHHH aBji3eTC3 He flajiBHo^eftcTByioiHee KyjioHOBCKoe B3aHMo,n;eHCTBHe (keuc b no- 
jiynpoBo^HHKax) , a cpjiyKTyauHH nojiapHocTH. CaMH skchtohbi b BapnauHOHHOM npn6jiH- 
aceHHH THna XapTpH-Ooxa cooTBeTCTByioT aHTHcpeppoMarHHTHBiM chhhobbim BOJiHaM, a 
mejiB HMeeT cjisTepoBCKyio npapo^y |46| . 06o6in;eHHe stoto npn6jiH>KeHH5i (HanpHMep, 
Bapnau,noHHoe paccMOTpemie coctohhhh, b kotopom cpopMHpyioTCH skchtohbi c pa3HBiMH 
KBa3HHMnyjiBcaMH ) cTajiKHBaeTCH c MaTeMaTHnecKHMH Tpy^HocTHMH h sBjiHeTca Hepe- 
ineHHoli 3a^aHeli. 

PaccMOTpHM sjieKTpoHHBift cneKTp aHTHcpeppoMarHeTHKa Xa66ap^a c chjibhbimh Kop- 
pejiHHHHMH. noHBjieHHe AOM ynopH^oneHHH npHBo^HT k pacmenjieHHio 3aTpaBOHHOH 

SJieKTpOHHOft 30HBI Ha RBe CJISTepOBCKHe no,n30Hbi 

= 9 kT (r k 2 + U 2 S 2 ) V2 , k , r k = i(t k+Q/2 ± * k _ Q/2 ). (62) 

BejiHHHHa 

$ - y^( c kt c k+Q4-)^ 

k 

KOTopaa onpe^ejiaeT A<J>M pacmenneHHe, mojkct 6bitb nojiyneHa H3 caMocorjiacoBaHHoro 

ypaBHeHH3. EcjIH KyjIOHOBCKOe B3aHMO^eflCTBHe ^OCTaTOHHO chjibho, bch sHepreTHHecKafl 

30Ha pacrnenjieHa, Tax hto mejiB B03HHKaeT bo Bcex HanpaBjieHHnx. B nacTHocTH, b 
cjiynae o^Horo sjieicrpoHa Ha aTOM nponcxo^HT nepexofl MeTajui — H30JiHTop. Ecjih ^jih 
^aHHoro BeKTopa Q BBinojmHeTCH ycjioBHe <cHecTHHra» t^ — Ep = Ep — tk+Q ; TO mejit b 
cneKTpe coxpaHHeTca npn npoH3BOJibHo MajioM U. 

B paMKax 3toh KapTHHBi BbipaaceHHe fljia cneicrpa chhhobbix bojih h cnHH-BOJiHOBBie 
nonpaBKH k cneKTpy ( 16"2"j) 6bijih nojiyneHBi b paGoTe |57]. B otjihhhc ot cTOHepoBCKo- 
ro cpeppoMarHeTHKa, b aHTHCpeppoMarHHTHoft (pa3e yaaeTca nojiyHHTB HHTepnojisiHHio 
Me>K^;y npe^ejiaMH cjiaGofi h chjibhoh cbh3h. 

2.3 <PeppoMarHeTH3M chjibho KoppejiHpoBaHHbix d-CHCTeM 

IIpHpO^a MaFHeTH3Ma MeTajIJIHHeCKHX CHCTeM G?-3JieKTpOHOB H MarHHTHBIX H30JTHTOpOB, 

onncBiBaeMBix Mo^ejiBio reii3eH6epra, cyrnecTBeHHo oTjinnaeTCH. Xots b o6ohx cjiynaHx 
fljiH MarHHTHoii bochphhmhhbocth BBinojiHHeTCH 3aKOH Kiopn-Beficca, oh He o6s3aTejib- 

HO CBH3aH C CymeCTBOBaHHeM JIOKajIH30BaHHbIX MOMeHTOB. B HaCTHOCTH, COBCeM HHyiO 

npnpo^y 3aKOH KiopH-Beiicca HMeeT b cjia6bix 30HHbix MarHeTHKax, r^e pa3BHTbie cnn- 
HOBbie cpjiyKTyauHH hmciotch jinnib b y3Koft oGjiacTH g-npocTpaHCTBa. B to ace BpeMH 
b cHjibHbix 30HHbix MaraeTHKax cpjiyKTyauHH hmciotch b hihpokoh oGjiacTH bojihobbix 

BeKTOpOB H npHBO^HT K o6pa30BaHHK) JIOKajIBHBIX MarHHTHBIX MOMeHTOB (JIMM), T.e. K 
HeOflHOpOflHOCTH CnHHOBOH njIOTHOCTH B peajIBHOM HDOCTpaHCTBe. 

JXjlS CTaH^apTHBIX IIOflXOflOB B TeOpHH MarHeTH3Ma KOJIJieKTHBH3HpOBaHHBIX sjieKTpo- 

hob (30HHBie pacneTBi, cnHH-cpjiyKTyai^HOHHBie TeopHn) Han6ojiee TpyzrHBi chctcmbi, b 
kotopbix cHjiBHBie Me>K3jieKTpoHHBie KoppejiHUHH npHBo^HT k pa^HKajiBHofl nepecTpoii- 
Ke sjieKTpoHHoro cneKTpa — cpopMHpoBaHHio xa66ap^;oBCKHx no,n;30H. 3to okch^bi h 
cyjiBcpH^Bi nepexo^HBix MeTajuioB c Gojibhioh sHepreTHHecKoii mejiBio, HanpHMep MeO 
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(Me = Ni, Co, Mn), N1S2 [IB], 6a30Bt>ie cncTeMbi fljia Me/xb-oKCH/xiibrx BbicoKOTeMne- 
paTypHbix cBepxnpoBo^HHKOB La2Cu04 h YBa2Cus06- Ilpn hh3khx TeMnepaTypax no- 
cjie/XHHe aHTHcpeppoMarHHTHBi, Tax hto mejib mojkho Gmjio 6bi TpaKTOBaTb k&k cjiaTepoB- 
CKyio, t. e. cB33aHHyio c A<J>M ynopa^oneHHeM. O/XHaKo m;ejib coxpaHaeTca n b napaMar- 
hhthoh oGjiacTH h HMeeT no3TOMy npnpojiy MoTTa— Xa66ap^a. PacmenjieHHe Xa66ap,na 

B03HHKaeT H B HeKOTOpBIX MeTajIJIHHeCKHX CpeppOMarHeTHKaX, B HaCTHOCTH, B TBep^OM 

pacTBope Fei_ x Co x S2, HMeiomeM cTpyKTypy nHpnra, &O2 [IB]- CnoHTaHHoe cnnHOBoe 
pacurenjieHne BBiine tohkh Kiopn, KOTopoe b HeKOTopBix sKcnepuMeHTax HaGjiio^aeTca 
b MeTajuiax rpynnBi >Kejie3a, TaK>Ke MoaceT 6bitb HHTepnpeTHpoBaHo c tohkh 3peHHH 
xa66ap^;oBCKHx no^30H. 

Xa66ap^;oBCKoe pacmenjieHHe npoTHBopenHT KapTHHe c^epMH-jKn/xKocTH — b nacTHo- 
cth, TeopeMe JlaTTHHjjpKepa o coxpaHeHHH o6b.eMa no,n, noBepxHocTBio OepMn: Ka^Kflaa H3 
JXByx no^30H, B03HHKaioiri;HX H3 30hbi cboGojxhbix sjieicrpoHOB, coflepaarr o/xho sjieKrpoH- 
Hoe cocTOHHue Ha cheth. TaxnM o6pa30M, sHepreTHnecKHn cneKTp KOJiJieKTHBH3HpoBaH- 

HOH 3JieKTpOHHOH CHCTeMbI C J1MM, B npOTHBOnOJIOJKHOCTb CJia6BIM KOJIJieKTHBH3HpOBaH- 

HbiM MarHeTHKaM , cymecTBeHHo oTjinnaeTCH ot BHepreTHnecKoro cneKTpa HopMajiBHofi 

(pepMH-JKHJXKOCTH. 

Ilpo6jieMa onncaHna JIMM h bbibojo; 3aKOHa KiopH-Beiicca — KjnoneBOH momcht Teo- 
piiH CHjibHoro (peppoMarHeTH3Ma KOJiJieKTHBH3HpoBaHHbix 3jieKTpoHOB. B Teopnax cnii- 
hobbix (pjiyKryaniiH [19] JIMM bbo^thtch no cymecTBy co ctopohbi (HanpnMep cTa- 
THnecKoe npn6jiH>KeHHe b HHTerpajie no TpaeKTopnHM, KOTopoe cooTBeTCTByeT 3aMeHe 
TpaHCjismHOHHO-HHBapnaHTHOH cncTeMbi pa3ynop3ji;oneHHOH cnereMOH co cjiynaftHbiMH 
MarHHTHblMH nojxHMn). 

C jjpyron ctopohm, «MHoro3JieKTpoHHaH» (aTOMHaa) KapTHHa onncbiBaeT JIMM ecTe- 

CTBeHHBIM 06pa30M. Pojlb CHJIbHblX SJieKTpOHHblX KOppejIHHHH B CpOpMHpOBaHHH JIMM 

MoaceT 6biTb KanecTBeHHO noKa3aHa cjie^ryioiiHiM cnocoGoM. Ecjih BHyTpny3ejibHoe ot- 
TajiKHBaHne Xa66ap/i;a U JiocTaTOHHo BejniKo, to sjieKrpoHHbin cneKTp co/jepjKHT xa6- 
6apji;oBCKHe no,zr30Hbi o/xnoKpaTHo n /jByKpaTHo 3aHarbix coctohhhh. Ilpn n < 1 hhcjio 
nap Majio n CTpeMHTCH k Hyjno npn U — > 00. Tor^a o/XHOKpaTHO 3aHHTbie coctohhhh 

COCTaBJIHIOT JIMM, a nyCTbie y3JIbI (flbipKH) HBJIHIOTCH HOCHTejISMH TOKa. 

KapTHHa cpeppoMarHeTH3M b Mo^ejiH Xa66ap^a c cnjibHbiMn KoppejiHHHHMH cyme- 
CTBeHHo oTjiHnaeTCH ot cTOHepoBCKofi. IIosTOMy ycjioBHe cym;ecTBOBaHHH cpeppoMarae- 
TH3Ma He flOJDKHO coBnacTb c KpHTepneM CTOHepa, KOTopbift cooTBeTCTByeT HeycToii- 

HHBOCTH HeMarHHTHOH (pepMH-JKHJXKOCTH OTHOCHTejIbHO MajIOH CnHHOBOH nOJIHpH3aHHH. 

Euie ojxhh npHHnHnnajibHbin momcht: oGbinHoe pacnenjieHHe XapTpn — <J>oKa b o/raosjieic- 
TpoHHOM npeii^CTaBjieHHH He onncbiBaioT o6pa30BaHne jioKajibHbix momchtob, nocKOJibKy 
He ynHTBiBaeT KoppeKTHo cpopMnpoBaHHH «ji;BoeK», t. e. flBaacflbi 3aHHTbix coctohhhh Ha 
y3Jie. 3Ta Tpyji;HocTb HBjiHeTca npHHirnnnajibHOH - oHa yKa3biBaeT Ha cMeHy cTaTHCTHKH 

OT 30HHOH K aTOMHOH npH yBejIHHeHHH B3aHMOJI,eHCTBHH. Hea^eKBaTHOCTb OflHOSJieK- 

TpoHHoro noflxofla b cjiynae 6ojibninx U mojkct 6biTb noxasaHa paccMOTpeHneM cjiynaa 
Majibix sjieKTpoHHbix KOHii;eHTpaii,HH n [50]. Pa3Jio>KeHHe sjieKTpoHHon cpyHKn,HH Tpn- 
Ha no HHCJiaM 3anojiHeHHH HocHTejieii Toxa. b o,n;H03JieKTpoHHOM npe^cTaBjieHHH ^aeT 
HHCJio flBoeK, KOTopoe BefleT ce6H b stom npe^ejie KaK 1/U. Tor^a TeopeMa TejuiMaHa — 
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OefiHMaHa N 2 = dS/dU flaeT pacxo^HMocTb sHeprnn ocHOBHoro coctohhhs 8: 



oo 



£{U) - S(0) = / N 2 (U) dU ~ In U. 



(63) 



o 



3Ta pacxo^HMocTb yKa3BreaeT Ha cpopMnpoBaHne xa66ap^;oBCKHx no^30H h HenpaBHjiB- 

HOCTB O^HOSJieKTpOHHOH KapTHHBI njJH GojIbHIHX U. C ^pyrOH CTOpOHBI, BBIHHCJieHHe B 

npe^cTaBjieHHH onepaTopoB Xa66ap^a [50] flaeT npaBHjiBHyio acnMnTOTHKy N 2 ~ 1/U 2 . 
TaKiiM o6pa30M, B03HHKaeT HenepecTaHOBOHHocTB npe,n;ejiBHoro nepexo^a U — > oo c pa3- 
jioaceHHeM no ^pyrnM MajiBiM napaMeTpaM. 3Ta npoGjieMa noxa ocTaeTca Hepa3penieH- 
hoh. Cjie^yeT otmbthtb, hto Taxon He^ocTaTOK He nrpaeT Gojibhioh pojih fljia HacBim;eH- 
hoto (peppoMarHHTHoro coctohhhh, r^e o6pa30BaHHe flBoeK 3anperneHO h onncaHHH Ha 
33BiKax cjisTepoBCKHx h xa66ap,noBCKHx no,n;30H coBna^aioT, nocKOJiBKy, kbk bh^ho H3 
( 15"2"|) . cneKTpBi b o6ohx no^xo^ax ToacflecTBeHHbi. 

B npocTeiinieM npH6jiH>KeHHH «Xa66ap^;-I» (cm. (1521) ) MarHHTHoe ynopa^oHemie ecTB 
pe3yjiBTaT cyxceHHH h pacninpeHKH cnHHOBBix no^30H (a He nocTOHHHoro cnHHOBoro pac- 
menjieHHH, k&k b TeopHH CTOHepa). O^Haxo oKa3ajiocB, hto 3Ta KapTHHa Xa66ap^a Tax- 
ace He ^aeT yflOBjieTBopHTejiBHBix pe3yjiBTaTOB. B nacTHocTH, Xa66apfl jTUJ He Haineji 
m amHTHBix penieHHfl fljia npocTBix 3 aTp aBO hhbix njioTHOCTeft coctohhhh (xots CHTya- 
hhs MosteT hsmchhtbch b cjiynae BBipo>K^eHHBix <i-30H |51|). MeTOfl X-onepaTopoB npo- 
acHHeT npHHHHy stoh Hey^ann: cooTBeTCTByrouiHe BBipaJKeHHa rjisl cpyHKiniii TpHHa npn 
Gojibhihx U 



(ek = — tk) HapyniaioT KHHeMaTHnecKHe cooTHonieHHa ( |22|) . Tax xax npn (S 12 ) 7^ HeB03- 

MOJKHO O^HOBpeMeHHO yZJOBJieTBOpHTB TOJK^eCTBa 



fljia o6enx npoeKHHH cnHHa a. 

Bojiee ycneniHBiM 0Ka3BiBaeTCH KpHTepHfi HeycToflnHBocTH Hacbim;eHHoro cpeppoMar- 
HeTH3Ma, CBH3aHHBiH c noHBjieHHeM cnHH-nojiapoHHoro nojnoca fljia (pyHKHHH TpHHa 
co cnHHOM bhh3 HH>Ke ypoBHH OepMH |4T)1 H3] (cp. fl53|) ). B oTjiHHHe ot npnGjinace- 
HHa ^XaGGap^-^ h «Xa66ap^-III», HcnojiB30BaHHe BBipaaceHKH fljia cpyHKiniH TpHHa 
( !56|) -( l58|) . KOTopBie co^epacaT (pepMHeBCKHe cpyHKiniH pacnpe^ejieHHH, no3BOJiaeT Kane- 
CTBeHHO npaBHjiBHO nojiynHTB MamHTHyio (pa30Byio ^narpaMMy h onncaTB HacBim;eHHoe 
h HeHacBini;eHHoe cpeppoMamHTHoe cocToaHHe (13]. rtepBas KpHTHnecKaa KOHn,eHTpan,H2 
HOCHTejiefi TOKa, cooTBeTCTByrouiaa: HeycroHHHBOCTH HacBim;eHHoro (peppoMaraeTH3Ma, 
cocTaBjiaeT rjik pa3JiHHHBix penieTOK okojio 30 % — 3HaneHne, KOTopoe Gbijio paHee no- 
jiyneHo pa3JiHHHBiMH MeTo^aMH. 

CTporoe Hccjie^oBaHHe cpeppoMarHeTH3Ma b mo^cjih Xa66ap,ri;a c U — > 00 BBinoji- 
hhji Haraoxa |52]. Oh flOKaaaJi, hto ochobhoc cocTOHHHe ^jih npocToii KyGnnecKOH h 

OU,K-peHieTKH B npHGjIHJKeHHH GjIHJKaHHIHX COCe^efi C HHCJIOM SJieKTpOHOB A^ e = iV + 1 

(JV — hhcjio y3JioB b penieTKe) o6jia^aeT MaxcHMajiBHo bo3mo>khbim hojihbim chhhom, 




(64) 




(65) 



k 
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t. e. aBjiaeTCH Hact.imeHHL.iM cpeppoMaraeTHKOM. To ace BepHO fljis riiK- h rny-penieTOK 
c HHTerpajioM nepeHoca t < 0, N e = N + 1, hjih t > 0, N e = N — 1. (A- 113 APY rHX 
KOM6HHan;HH 3HaKOB ocHOBHoe cocTosHHe sBjiaeTca 6ojiee cjiojkhbim H3-3a pacxo^HMocTH 

njIOTHOCTH COCTOHHHH Ha rpaHHH,e 30HBI.) <J>H3HHeCKHH CMBICJI TeopeMBI HaraOKa flOBOJIb- 
HO npOCT. ^JIH N e = N, U = OO KaJKJXBIH y3ejl O^HOKpaTHO 3aH5IT H flBHJKeHHe SJieKTpOHOB 
HeB03MOJKHO , TaK HTO 3HeprHH CHCTeMBI He 3aBHCHT OT CnHHOBOH KOHCpHrypaHHH. IIpH 

BBe^eHHH H36BiTOHHoro sjieKipoHa (hjih ^bipkh) ero KHHeTHHecKaa sHeprna 6yjj;eT mh- 
HHMajiBHa npn o/XHopoiXHOM cpeppoMaraHTHOM chhhobom ynopaflOHeHim, nocKOJiBKy oho 
He npenHTCTByeT hx /XBHJKeHHio. Hy>KHO, o/XHaKO, otmcthtb, hto jj;oKa3aTejibCTBO Teope- 
Mbi Haraoxa HcnojiB3yeT HeTpHBHajiBHBie TonojiorHnecKHe coo6paaceHHH. B nacTHocTH, 
oho He paGoTaeT b o/XHOMepHOM cjiynae, Korjj;a 3aBHCHMocTb KHHeTHHecKoft sHeprnn ot 
cnHHOBoli KOHCpHrypaHHH OTcyTCTByeT, nocKOJibKy HeT 3aMKHyTbix TpaeKTopnil [52J. 

B cjiynae nojiy3anojmeHHOH 30Hbi (N e = N), \t\ <C U ocHOBHoe coctohhhc aHTH- 
cpeppoMarHHTHo H3-3a KHHeTHnecKoro oGMeHHoro B3aHMOJj;eHCTBHH AHjj;epcoHa nopa/rica 
t 2 /U (cm. P5|l ). Oho B03HHKaeT H3-3a yBejiHHeHHH KHHeTHHecKoii SHeprmi npn BHpTy- 
ajibHbix nepexo/xax sjieKrpoHa Ha coce/XHHe y3Jibi, KOTopbie bo3mojkhbi npn ycjioBHH, hto 
sjieKTpoH Ha jj;aHHOM y3Jie HMeeT npoTHBonojioxcHoe HanpaBjieHHe cnHHa. B cncTeMax c 
KOHeHHBiM U h N e ^ N HMeeT MecTo KOHKypeHi^HH Me>K^iy cpeppo- h aHTHcpeppoMar- 
HHTHbiM ynopHjj;oHeHHeM. H3 bbihhcjichhh SHeprHH cnHHOBoii BOJiHbi [52], cjie/jyeT, hto 
cpeppoMarHeTH3M coxpaHHeTCH npn ycjioBHH 

\t\/U< k\N g -N)\/N, (66) 

rjj,e KOHCTaHTa k ~ 1 3aBHCHT ot CTpyKTypbi KpHCTajiJinnecKOH penieTKH. B to yae BpeMH 
aHTH<peppoMarHeTH3M ycToflHHB tojibko npn N e = N. B paHHHx paGoTax npe,nnojiara- 

JlOCb, HTO B npOMOKyTOHHOH oGjiaCTH CpOpMHpyiOTCH CKOHieHHbie MarHHTHbie CTpyKTy- 
pbi [53]. O/XHaKo HHCJieHHbie pacneTBi |54[ [55] noKa3biBaioT, hto BHepreTHnecKH 6ojiee 
BBiro/XHo cpa30Boe paccjioeHHe Ha aHTHcpeppoMarHHTHBie h cpeppoMarHHTHBie oGjiacTH. 
Taxoe HBjieHHe, no-BHJXHMOMy, Ha6jno,naeTCH b HexoTopbix cHjibHOJierHpoBaHHbix Mar- 
HHTHbix nojiynpoBOJXHHKax, npnneM Bee hochtcjih TOKa jioKajiH3yioTC5i TOJibKO b cpeppo- 
MarHHTHbix o6jiacT5ix [56]. 

B oTjiHHHe ot oGbiHHoro KpHTepHH CTOHepa, npH6jiH>KeHHe XapTpn-OoKa c yneTOM 
HeKojijiHHeapHbix aHTHcpeppoMarHHTHbix cpjiyKTyarniH [55] flaeT ya;oBjieTBopHTejiBHoe co- 
rjiacne c npe/j;ejioM cnjibHbix KoppejiHUHft. 

Oa30BaH jxnarpaMMa MOflejiH Xa66ap,na fljia KBa^paTHofl penieTKH b npH6jiH>KeHHe 
cpe,zrHero nojin noKa3aHa Ha pnc. [2j Bh/xho, hto cpeppoMarHeTH3M B03HHKaeT tojibko npn 
oneHb GojibHiHx, ji;a>Ke HepeajiHCTHnecKHx 3HaHeHHHx U. CHTyarniH cymecTBeHHo mchh- 
eTcs npn HajiHHHH ocoGeHHocTefl BaH-XoBa b6jih3h ypoBHH <J>epMH. Ha pnc. [2]bh,hho, hto 
BBepfiKne R&yae HeGojiBinoro nepeHoca BTopbix coce^eii t' npHBo^HT k pe3Kofi acHMMeTpnn 
cpa30BOH ji;HarpaMMbi oTHocHTejibHo nojioBHHHoro 3anojmeHHH 3ohbi. B oGjiacTH n < 1, 
b KOTopofi xHMHHecKHH noTeHHHaji nepeceKaeT oco6eHHocTb BaH-XoBa, cpeppoMarHHTHoe 
cocTOSHHe B03HHKaeT fljiH yMepeHHBix U. AHajiorHHHoii CHTyar^HH mojkho o>KHji;aTB j^jih 
TpexMepHBix penieTOK. 

JXjis cpa30BOH j^narpaMMBi mojkct hmctb cyni;ecTBeHHoe 3HaHeHHe eni;e o^ho oGctoh- 
TejiBCTBo: KHHeTHiecKoe aHTHCpeppoMarHHTHoe o6MeHHoe B3aHMO^eHCTBHe ( H6|) co^ep- 
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Phc. 2: Oa30Baa ^narpaMMa ocHOBHoro coctohhhh flByMepHoft Mo^ejiH Xa66ap^a b npn- 
Gjihhcchhh GjiHJKaflniHx coce^eii [55]; cnjioniHbie jihhhh — rpaHHHBi cpa3, nyHKTiipHBie 
jihhhh — 6e3 yneTa (pa30Boro paccjioemiH. Oa3bi o6o3HaHeHBi b cootb6tctbhh c hx boji- 
hobbim BeKTopoM, FM, AF h PM — cpeppoMarHHTHaa, aHTHcpeppoMarHHTHaa h napa- 
MarHHTHaji cpa3Bi 




Phc. 3: <J>a30BaH fluarpaMMa ocHOBHoro coctohhhh KBa^paTHofl penieTKH c t'/t = 0.2 
[55 J, 3aKpaineHHBie oGjiacra — oGjiacra cpa30Boro paccjioemiH, nyHKTupHBie jihhhh - 
rpaHHH,Bi (pa3 6e3 yneTa paccjioemiH, HiTpHx-nyHKTHpHan jihhhh - rpamnja paccjioeHHH 
b npe^ejie GojiBinoro B3aHMo^,eHCTBHH U no Bnniepy [54J. 
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jkht BKjiaflM, o6ycjioBjieHHt>ie nonpaBKaMH HeopToroHajibHocTH (btopoh HjieH b (I43JI ). 
ynHTbiBaa OS]), nojiynaeM BbipaaceHHe fljia scpcpeKTHBHoro o6MeHHoro napaMeTpa 



(njieHbi nopa^Ka ^ 2 U b Bbipa:>KeHHe fljia J e ff coKpainaioTCH). TaKHM o6pa30M, aHracpep- 
poMarHHTHoe B3aHMcmeHCTBHe ocTaeTca kohghhbim flaace b npe^ejie U — > oo [37] . Ilep- 
Bbie Tpn HjieHa b (IBTj) coBna^aioT c cooTBeTCTByioiixHM pe3ynbraTOM fljia ^Byxy3ejibHofi 
npo6jieMbi (MOJieKyjibi Bo^opo^a) [57] h ^aioT aHTHcpeppc-MarHHTHoe o6M6HHoe B3aiiMo- 
^eficTBHe. B npe^ejie 6ojibiHHx U rjiaBHbiii BKjiafl b J e g npHHHMaeT bh^ 



r^e npe^nojiaraeTCH, hto t oTpHH,aTejrbHo. Mm bh^hm, hto b cjiynae N e < N oTHomeHHe 
J e fj k HiiipiiHe 30Hbi nponopuHOHajibHO napaMeTpy nepeicpbiTHH (a He |t|/£7 <C 7, KaK b 
oGmhhom paccMOTpeHiin) . 

Ilo aHajiornn c paccMOTpemieM Haraoxa |52| mojkho 3anncaTb KpnTepufi cpeppoMar- 
HeTH3Ma 2Kc\t^ xx ^\ > J e ff, r,n,e A = fljia: N e < N h A = 2 ,zijih A^ > AT. B npe^nojiojKeHHH 
7 ^> |t|/C/ 3> 7 2 3tot KpHTepnii npHHHMaeT bh,h 



h cymecTBeHHo BH^oH3MeHHeTCH ,n;jia iV e < AT. TaKHM o6pa30M, HeopToroHajibHocTb npn- 

BCflHT K nOHBJieHHK) KOCBeHHOrO aHTHCpeppOMarHHTHOTO B3aHMO^eHCTBHH B y3KHX 30Hax, 

npHHeM (peppoMarHHTHBiii o6MeH, oGycjioBjieHHbm flBiDKemieM HocHTejiefi TOKa, Gojiee 
chjibho ncflaBjiaeTCH b cjiynae "^bipohhoh" npoBo^HMocTH (N e < AT), neM "sjieRTpoHHofi". 

3TO oGcTOHTejIBCTBO MOJKeT HMeTb 3HaHeHHe flJIS (pa30BOH ^HarpaMMBI Me^HOOKCH^HBIX 
nepOBCKHTOB H aHajIOrHHHBIX CHCTeM. 

JXjis paccMOTpeHHH npoGjieMbi (peppoMarHHTHoro ynopjinoHeHHS b y3KHX 30Hax c skc- 
nepHMeHTajiBHOH tohkh 3peHHH no^poGHee oGcynHM cncTeMy Fei_j; Coj^- Ee sjieKTpoH- 
Haa CTpyKTypa ^OBOJibHo npocTa: Bee sjieierpoHbi, oTBeTCTBeHHbie h 3a npoBo^HMocTb, h 
3a MarHeTH3M , npHHa^jieacaT o^hoh h toh ace y3Kofl e g -nojioce. C0S2 — (peppoMarHHTHbift 

MeTajIJI C CHJIbHblMH KOppejIHHHHMH, FeS2 — ^HaMarHHTHblH H30JIHTOp. 

3KcnepHMeHTajibHbie Hccjie^oBaHHH MarHHTHbix cbohctb Fei-zCoa^ BbinojmeHbi 
b |59| . HanGojiee HHrepecHaa oco6eHHocTb — B03HHKHOBeHHe cpeppoMarHeTH3Ma npn yun- 

BHTejIbHO MajIblX 3JieKTpOHHbIX KOHHeHTpaiTHHX 71 = X < 0,05. MarHHTHblfl MOMeHT paB- 
HHeTCH 1/iB B HIHpOKOM KOHI^eHTpaHHOHHOM HHTepBajie 0,15 < 71 < 0,95, npHHeM Mar- 

HHTHoe cocTOHHHe He Hacbim;eHo npn n < 0,15. O^Haxo, b otjikhhc ot oGbiHHbix cjia6bix 
KOJiJieKTHBH3HpoBaHHbix cpeppoMaraeTHKOB, HeT HHKaKHx npH3HaKOB oGMeHHoro ycHjie- 
hhh BocnpHHMHHBocTH IlayjiH BbiHie Tq, a 3aKOH Kiopn— Beftcca xopoino BbinojiHHeTCH 
npn npoH3BOJibHbix 3jieKTpoHHbix KOHH,eHTpaH,HHx, npnneM KOHCTaHTa Kiopn nponopuH- 
OHajibHa n. Taxoe noBe^eHne Hejib3H o6b.HCHHTb b paMKax o^HosjieKTpoHHbix no^xo^oB 
THna CTOHepa, hto oTpa>KaeT BaacHyio pojib jioKajibHbix MarHHTHbix momchtob (JTMM). 
B pa6oTe |50| Gbiji Hcnojib30BaH noflxofl Ha ocHOBe chhhoboh cpyHKUHH TpHHa. Ee 



Jeff = J + 2 (t^) 2 /U = J - 2 7 t + 2(t + LfjU 



(67) 



Jeff ^ 2 7 |t 





N e <N 
N e > N 



(69) 
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BMHHCjieHHe b MarHHTHOM nojie H R&eT 



_ jj ST^ (fk-q ~ gk)(gk~»-kt ~ gk-q^k-q4.) \ 

^ w - H - E M + J 

r^e Ey_ a = Ek(c+N a ) - sHeprnn b npnGjinaceHHii «Xa66ap^,-I», n-^ a — cooTBeTCTByiomne 
HHCJia 3anojiHeHHH, = —t^. 

IIpH BBIHHCJieHHH CTaTHHeCKOH MarHHTHOH BOCnpiIHMHHBOCTH \ HeoGxO^HMO TUiaTejIb- 

ho paccMOTpeTB npe^ejiBi H — > 0, u — > 0, q — > H3-3a Hespro^nHHocra (peppoMarHHT- 
Horo ocHOBHoro coctohhhh. ^eltcTBHTejibHO, npocTaa no^cTaHOBKa H = u> = q = ^aeT 
TOJibKo BocnpHHMHHBocTB IlayjiH. Mto6bi H36e>KaTB noTepii BKjia^a Kiopn— Beftcca ot 
jioKajiBHBix MOMeHTOB, b pa6oTe j50] 6biji HcnojiB30BaH MeTo^i, TaGjiKKOBa ^jih mo^jih 
refi3eH6epra. IIpHMeHaa cneKTpajiBHoe npe^cTaBjiemie fljia cpyHKi^ufi TpHHa, Haxo^HM 
ypaBHeHHe rjik HaMarHHieHHOCTH 

oo 

(S z } = ^ + - I iV B ( w )Im^G q (a;)^. (71) 

q 

— oo ^ 

IlpH MajIBIX KOHIi;eHTpaU,HHX ^BipOK C<1 B03HHKaeT HacbimeHHBifl cpeppoMarHeTH3M c 

(s z ) = 1 -^-J2 N *M- ( 72 ) 

p 

YpaBHeHHe (17T|) MoaceT 6bitb ynpomeHO npn ycnoBiin (S z ) <C 1, KOTopoe HMeeT MecTO 
h b napaMarHHTHofl oGjiacTH ((S z ) = xH, H — > 0), h npn n C 1 npn npon3BOJiBHBix 
TeMnepaTypax. Pa3JK»KeHHe 3HaMeHaTejiH h hucjiwtqjis f lTUj) no (S z ) h H HMeeT bh^ 

GqM - u-iS^-HP^ ■ (73) 



3^ecB BejiHHHHa 



8^k ( df± 
4^ (1 + c) 2 V k dE h 



D <$ = - / > /i I ,A9 ^kTTTr - ^k+q 




-^k-q/k-q _ -^k/k 



-1 



(74) 



(/k = /(^k)) onncBmaeT scpcpeKTHBHoe oGMeHHoe B3anMO,n,eHCTBHe BCjie^cTBHe ppwAiemisi 
HocHTejiefl Toxa. Tpy6o roBopa, nocjie^Hee oTjinnaeTca ot B3anMo,neiicTBHa PKKH 3a- 
MeHoii s—d(f) o6MeHHoro napaMeTpa Ha HHTerpaji nepeHoca. Taxaa 3aMeHa xapaKTepHa 
fljia npe^ejia y3Koft 3qhbi. 
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IIpH T > Tq, nojiaraa b (I73|) (S z ) = \H, nojiynaeM ypaBHeHHe fljia napaMarHHTHoft 

BOCnpHHMHHBOCTH : 

oo 

+ i / coth £ Lo £ ^ <^ = r£ + ^o) ^ (75) 

o q q 

TeMnepaTypa Kiopn onpe^ejineTcn ycnoBneM x(^c) = oo. IIpH MajiBix n HMeeM 

Pa3JiaraH npaByio nacTB (175]) no x npii T c < T <C E F , nojiynaeM 

_ l V g/(gk) g 

X 4^ fc k T — 
k K 

r,n;e nepBBifi HjieH cooTBeTCTByeT BKjia^y IlayjiH, BTopofl — BKjia^y Kiopn — Beficca ot 
JIMM, r^e 

C=\s , e = Y,D^>T c (78) 
q 

cyTb KOHCTaHTa Kiopn h napaMarHHTHaa TeMnepaTypa Kiopn. TaKHM o6pa30M, «mho- 
ro3JieKTpoHHBin» no^xofl oGecnennBaeT npocTofl bhboa 3aKOHa Kiopn— Bencca fljia koji- 

JieKTHBH3HpOBaHHBIX MarHeTHKOB. 

Eme oflHH H3 cpaKTopoB, BaacHBix ^jia TeMnepaTypHoii 3aBnciiMocTH MarHHTHoft boc- 

npHHMHHBOCTH, - OCo6eHHOCTH njIOTHOCTH COCTOHHHH |8]. TaKHe 0(X)6eHHOCTH MoryT 
6BITB CBH3aHBI C HajIHHHeM BBipOJK^eHHBIX rH6pHJXH30BaHHBIX 30H. IIo MHeHHIO MaTTHCa 

|57| . HMeHHo b BBipojK^eHHH jie>KHT kjhoh k oGt-hchchhio cpeppoMarHeTH3Ma. 

PaccMOTpeHHBie KOHuennHH MoryT 6bitb npHMeHeHBi k o6m;eH Teopnn MeTajuiniecKo- 
ro MarHeTH3Ma. OneBHiXHO, npeflnojioaceHne o chjibhom (no cpaBHeHHio c nojmoH HiHpn- 
hoh 3ohbi) Me>K3jieKTpoHHOM oTTajiKHBaHHH b uejioM HecnpaBe,n;jiHBo ji,jih nepexojjHBix 
(i-MeTajuioB. OflHaxo oho mojkct 6bitb BepHBiM rjiz HexoTopBix sjieKTpoHHBix rpynn oko- 
jio ypoBHa OepMH. 3Ta n^ea HcnojiB30BajiacB b [58] ,h;jih o6cy>K^i;eHHH cpeppoMarHeTH3Ma 
MeTajuioB rpynnBi acejiesa. y3K030HHaa: Mo^ejiB Xa66ap,n;a npHMeHHjiacB ^jih onncaHHa: 

rpynriBI «MarHHTHBIX» COCTOHHHH, KOTOpBie CpOpMHpyiOT y3KHH nHK njIOTHOCTH cocto- 

hhhh, o6ycjioBjieHHBiH «rHraHTCKHMH» oco6eHHocT3MH BaH XoBa [JJ. KoppejiannH flJIH 

3THX COCTOHHHH flOJIJKHBI 6BITB CHJIBHBIMH H3-3a MajIOH HIHpHHBI FIHKOB V ~ 0,1 sB. 

OcTajiBHBie s-, p-, (i-sjieKTpoHBi cpopMiipyioT ninpoKne 30hbi h cjiaGo rH6pH,7XH30BaHbi c 

«MarHHTHBIMH» SJieKTpOHHBIMH nHKaMH. CoCTOHHHH Ha nHKe OTBeTCTBeHHBI 3a (pOpMH- 

poBaHHe JIMM h jjpyrne MarHHTHBie cBoiicTBa b Fe h Ni. JJ,aHHa5i Mo^ejiB no3Boji5ieT 
npocTBiM o6pa30M o6t.hchhtb HH3Koe (no cpaBHeHHio c ypoBHeM OepMn) 3HaneHne TeM- 
nepaTypBi Kiopn, KOTopaa, xax cjie/xyeT H3 ynoMsmyTBix coo6pa:aceHHH, nopniXKa T. 

B (peppoMarHHTHofi cpa3e pacmeruieHHe hhkob co ctihhom BBepx h bhh3 A ~ 1— 2 bB 3> 
T, h cTpyKTypBi oGohx nHKOB no^o6HBi. Tax KaK Gojiee hh3khh nnx 3anojiHeH, CHTyan,Ha 
^;ji3 «MarHHTHBix» sjieKTpoHOB 0Ka3BiBaeTcs 6jih3koh k HacBinxeHHOMy cpeppoMarHeTH3- 
My, t. e. k nojiyMeTajuiHHecKOMy coctoshhio b o6bihhoh mo^&jih Xa66ap^a c 6ojibhihm U. 
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(76) 



(77) 



IIpe^ejibHbiH cjiynaH «cHjibHoro» cbeppoMarHeTH3Ma c 6ojit>iiiHM 3HaneHHeM chhhobo- 
ro pacmenjieHHH npe^cTaBjiaeT coGoft npoTHBonojioxcHocTb cjiaGbiM KOJiJieKTHBH3HpoBaH- 
hbim cpeppoMarHeTHKaM. Erne b Teopnn CTOHepa paccMaTpHBajiocb peiHemie, b kotopom 
cnnHOBoe pacmenjieHHe npeBbiinaeT ypoBeHB <J>epMH h o/XHa cnHHOBaa no^30Ha nycTa hjih 
nojiHocTBio 3anojiHeHa. CnHrajiocb, hto Taxaa cHTyarniH (fljia /xbipoHHoro cjiynaa) coot- 
BeTCTByeT cpeppoMarHHTHOMy HHKejno. O^HaKo coBpeMeHHtie 30HHbie pacneTbi b paMKax 
MeTo^a cpyHKU,HOHajia cnHHOBoft njioTHOCTH onpoBeprjiH sto npeflnojioxcemie (njioTHOCTb 

COCTOHHHH Ha ypOBHe OepMH CO CnHHOM BBepX OKa3ajIOCB MajIOH, HO KOHeHHOfi). 

B to ace BpeMa 30HHbie pacneTbi npHBejin k otkpbithio peajibHbix MarHeTHKOB, koto- 
pbie no^;o6HBi chjibhbim ctohcpobckhm CpeppoMarHeTHKaM. PacneTbi /re TpooTa h jjp. 30H- 
hoh cTpyKTypti rjik cnjiaBa Teficjiepa NiMnSb, PtMnSb co cTpyKTypon Cib (MgAgAs) 
noKa3biBaioT, hto ypoBeHb OepMH ,zijih oflHoii H3 npoeKHiiH cnHHa Haxo^HTCH b 3Hepre- 

THHeCKOH mejIH. IIoCKOJIbKy 3TH CHCTeMBI BCflyT Ce6a KaK H30JIHTOpbI JIHHIb rjir o^Horo 

3HaneHHH a, ohh Gmjih Ha3BaHbi •cnojiyMeTajuiHiecKHMH cbeppoMarHeTHKaMH» (IIM<J>). 
IIo3>Ke no^o6Ha5i KapTHHa 6bijia nojiyneHa rjir CoMnSb, cpeppHMarHHTHoro FeMnSb, aH- 
THcbeppoMarHHTHoro CrMnSb. BbiHHCJieHHH 30hhoh CTpyKTypbi fljiH GojibinoH rpynnbi 
cbeppo- h aHTHcbeppoMarHHTHbix cnjiaBOB Teflcjiepa H3 ^pyroro pa^a T 2 MnZ (T = Co, 
Ni, Cu, Pb) co cTpyKTypoli L2\ noKa3biBaioT, hto coeroHHHe, 6jiH3Koe k IIMO (N±(Ef) 
npaKTHHecKH paBHo Hyjno), HMeeT MecTo b cncTeMax Co2MnZ c Z = Al, Sn h Z = Ga, Si, 
Ge. KpoMe toto, nojiyMeTajuiHHecKoe cocTOHHHe oGHapyxceHo b 3ohhbix pacneTax rjir 
&O2 (cTpyKTypa pyTHjia), Fes04, CrAs, VAs (cTpyrcrypa hhhkoboh o6MaHKn), ^bohhbix 
nepoBCKHTax rana Sr 2 FeMo06 h pp. (cm. o63opti [60] ED E2])- yflHBHTejiBHBiM o6pa30M 
KOHHenixHH cHjiBHoro nojiyMeTajuiHHecKoro cbeppoMarHeTH3Ma oxasajiacB npHMeHHMoft 
rjik HeKOTopbix sp-CHCTeM, BKjHOHaa rnnepoKCH^bi rana Rb02 [61J. 

CHTyaHHSI pe3KO pa3JIHHHbIX COCTOHHHH ,2IJIH CnHHa BBepX H ,ZIJIH CnHHa BHH3, KOTOpaH 

peajiH30BaHa b IIM<J>, HHTepecHa Rjm oGmeft TeopHH KOJiJieKTHBH3HpoBaHHoro MaraeTH3- 
Ma [60] . CxeMa cpopMHpoBaHHH <cnojiyMeTajuiHHecKoro» coctohhhh b cnjiaBax Teiicjiepa 
MoaceT 6bitb onncaHa cjie^ryiornHM o6pa30M. B npeHe6pe>KeHHH rH6pH,zrH3aHHeH aTOMHBix 
coctohhhh T h Z d-30H& MapraHH,a ^jih ynoMHHyTBix cTpyKTyp xapaKTeproyeTCH rnnpo- 

KOH SHepreTHHeCKOH PHejIblO MeJK^y CBH3yiOIIi;HMH H aHTHCBH3yiOIirHMH COCTOHHHHMH. H3- 

3a CHjiBHoro BHyTpnaTOMHoro (xyH^OBCKoro) o6MeHa fljis hohob MapraHH,a b cbeppoMar- 

HHTHOM COCTOHHHH n0^30HBI CO CnHHaMH BBepX H BHH3 3HaHHTejIBHO p a3^BHHy TBI . O^Ha 
H3 CnHHOBBIX n0^30H 6jIH3KO nO^XO^HT K J>-30He JIHraH^a, H nOSTOMy COOTBeTCTByiOH^aSI 

mejib nacTHHHo hjih nojiHocTBio pa3MBiTa p — d rH6pH/xH3aHHeH. 3HepreTHHecKan mejib b 
jj;pyroH no,H30He coxpaHaeTca h mojkct coBnajj,aTB npn h3bccthbix ycjiOBHHX c ypoBHeM 
OepMH, hto jj;aeT IIMO-cocTOHHHe. Ajih CTpyKTypbi Cib HMeeM HCTHHHyio H^ejib, a ,h,jis 
CTpyKTypbi L2i — rjiy6oKyio nceBflomejib. 

HHTepec k nojiyMeTajiJiHHecKHM CpeppoMarHeTHKaM (I1M<J>) Bbi3BaH b nepByio one- 

pejj;b HX yHHKajIbHblMH MarHHTOOnTHHeCKHMH CBOIICTBaMH [60], KOTOpbie TeCHO CBH3aHbI 

c sjieKTpoHHoii CTpyKTypoii oKojio ypoBHH OepMH. B jj;ajibHeHHieM HHTepec k nojiyMe- 

TajIJIHHeCKOMy (beppOMarHeTH3My 3HaHHTejIbHO yBejIHHHJICH B CBH3H C OTKpblTHeM TH- 

raHTCKoro MarHHTOconpoTHBjieHHH b cbeppoMarHHTHbix MaHraHHTax, KOTopbie, BepoHTHO, 

6JIH3KH K HMO [ST] . 

KpoMe Toro, riMO BaacHbi b CB5I3H c npoGjieMofl nojiyneHHH Gojibhioto MamHTHoro mo- 
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MeHTa HacbimeHHs, nocKOJit>Ky hx sjieKTpoHHbift cneKTp 6jiaronpHHTeH fljia MaKCHMajib- 
hoh cnHHOBoli nojiHpH3anHH (^ajibHefiinee yBejinneHHe cnnHOBoro pacmenjieHHH b no- 
jiyMeTajuiHHecKOM coctohhhh He npiiBe^eT k yBejinneHHio MarraTHoro MOMenra) . 3jieK- 
TpoHHaa CTpyKTypa, HanoMHHarouiaH nojiyMeTajuiHHecKyio (rjiyGoKHft MHHHMyM njioT- 
hocth coctohhhh Ha E$ rjiz a =|) , oGHapyaceHa b GHCTeMe cnjiaBOB Fe — Co [63J h b 
CHCTeMax R2Fei7, R2Fei4B c pexop^HBiM 3HaneHHeM Mo [64J. TaKoft MHHHMyM THnnneH 

^JIH CHCTeM C BBipa>KeHHBIMH JIOKajIBHBIMH MarHHTHBIMH MOMeHTaMH H B03HHKa6T TaKJKe 

b hhctom 2cejie3e. 

C TeopeTHHecKoli tohkh 3peHHH riMO xapaKTepH3yioTC3 oTcyTCTBHeM pacna^a cnHHo- 
bbix bojih Ha sjieKTpoH-^tipoHHBie napbi c aHTHnapajuiejibHbiMH cnHHaMH (B036y>K^i;eHHH 
CTOHepa). TaKHM o6pa30M, MarHOHbi cymecTByioT bo Bcefl 30He BpHjunosHa, kbk h b 
reH3eH6eproBCKHX cpeppoMaraeTHKax h BbipojK^eHHbix cpeppoMarHHTHbix nojiynpoBO,n;- 

HHKaX. B OTJIHHHe OT o6bIHHbIX KOJIJieKTHBH3HpOBaHHbIX CpeppOMarHeTHKOB, 3<p(peKTbI 
3JieKTpOH-MarHOHHOrO B3aHMO^eHCTBHH He 3aMaCKHpOBaHbI B036y>K^eHHHMH CTOHepa H 

MoryT H3ynaTbC5i b hhctoh cpopMe. 0co6eHHO HHTepecHbi scpcpeKTbi, CBH3aHHbie c HeKO- 
repeHTHbiMH (HeKBa3HHacTHHHbiMH) coctohhhhmh, KOTopbie 6yzryT no^;po6Hee paccMOT- 
peHbi b cjie,n;yioiri;eH rjiaBe. 

3 s — d(f)-o6Menn3i5i MO^ejib h MO^ejib AH^epcoHa 

BTopaa MHorosjieKTpoHHaH Mo^ejib, cBH3aHHaa c HMeHeM C.B. BoHcoBCKoro h cbirpaB- 
Hiaa orpoMHyio pojib b cpH3HKe TBep^oro Tejia, - bto s — <i-o6MeHHaH Mo^ejib. CaM C.B. 
oGbiHHo Ha3biBaji ee Mo^ejibio DJy6HHa-BoHcoBCKoro, - b naMHTb o cBoeM ynHTejie h 
,n,pyre, c kotopbim oGcyjK^ajincb H,n,eH, jiernine b ocHOBy Mo^ejiH (coxpaHHjiacb He3aKOH- 
neHHaa coBMecTHaa pa6oTa «06mHe cBoflcTBa cncTeMbi BHyTpeHHHx h BHeniHHx sjiex- 
tpohob b nepexo^Hbix MeTajuiax» 1936-37 r., KOTopaa BnepBbie 6bijia ony6jiHKOBaHa b 
KHHre [5]). Bo3mo>kho, onpe^ejieHHyio pojib b cpopMyjinpoBKe H^efi s — d MO,n;ejiH cbirpaji 
h J\.J\. JIaH,n;ay. 

B oTjiHHHe ot nojiapHOH Mo^ejiH h Mo^ejiH Xa66ap^a, b s — <i-o6MeHHOH Mo^ejiH cy- 
mecTBOBaHHe jioKajiH30BaHHbix MarHHTHbix MOMeHTOB He bmbo^htch, a nocTyjinpyeTCH. 
LIpH 3tom no^cHCTeMbi, oTBeTCTBeHHbie 3a MarHeTH3M h 3jieKTponpoBo^HocTb pa3,n;ejie- 

Hbi: KOJIJieKTHBH3HpOBaHHbie <CS— 3JieKTpOHbI» Onpe^ejIiHOT KHHeTHHeCKHe CBOHCTBa, a 

jioKajiH30BaHHbie <d— 3jieKrpoHbi» ^aioT rjiaBHbifl BKjiafl b MarHHTHbift momcht. 

Hcxo^ho Mo^ejib s — d o6MeHa Gbijia npe,n;jio:>KeHa ^jih nepexo^Hbix <i-MeTajuioB, b oco- 

6eHHOCTH flJIH o6b.HCHeHHH HX SJieKTpHHeCKOrO COnpOTHBJieHHH |31 IH ES]- IIoCKOJIbKy 
(i-3JieKTpOHbI (KaK H 5/-3JieKTpOHbI B aKTHHH^ax) B ^eflCTBHTejIbHOCTH He OnHCblBaiOTCH 

jioKajiH30BaHHOH MOflejibio refi3eH6epra, a o6pa3yioT sHepreTHnecKHe 30HM, npe^nojio- 
>KeHHe o hx jioKajiH3an;HH e^Ba jih mojkct 6biTb o6ocHOBaHo KojinnecTBeHHo. TeM He 
MeHee, nojiycpeHOMeHOJiorHnecKaH KapTHHa ppyx no^cncTeM, cBH3aHHbix oGMeHHbiM B3a- 
HMo,n;eHCTBHeM, oneHb nacTo 0Ka3biBaeTCH nojie3HOH npn KanecTBeHHOM aHajiH3e. Kax 
npe^nojio>KHji TyzniHacp o?-3jieKTpoHbi c e g h t 2g CHMMeTpneii MoryT oGjia^aTb pa3- 
jihhhoh cTeneHbio jioKajiH3au,HH: nepBbie npoHBjiHioT noHTH jioKajiH30BaHHoe, a BTopbie 
- KojijieKTHBH3HpoBaHHoe noBe^eHHe. B flajibHefinieM Taxaa ^Byx30HHaH Mo^ejib Heo^i;- 

HOKpaTHO yTOHHHJiaCb [SSI [TJ EZ] • 
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C flpyrofi cTopoHbi, 4/-3jieKTpoHBi b KpucTajiJiax xopoino jioKajiH30BaHBi h onncBiBa- 
K>Tca aTOMHBiM no^xo^oM, a noTOMy s — / oGMeHHaa MonejiB oGecneinBaeT KOJinnecTBeH- 
Hoe onncaHHe MarHeTH3Ma b 6ojiBiHHHCTBe pe,zrK03eMejiBHBrx MeTajuioB, a TaKJKe b hx 

COe^HHeHHHX C XOpOIUO JIOKajIH30BaHHBIMH /-COCTOHHHJIMH (BnpOHeM, H 3^eCB GblBaiOT 
HCKJIIOHeHHH - B HaCTHOCTH, H,epHH, CHCTeMBI C npOMeJKyTOHHOH BajieHTHOCTbK)) . 

Cynt>6a s-d Mo^ejin oKa3ajiacb onenb HHTepecHoft h HenpocTOH, b HeKOTopoM cMbicjie 
^,aace npaMaTHnecKoii. B hctophh (|)H3hkh oHa BbicTynajia b pa3Hoo6pa3Hbix nnocTacax. 

BajKHefiniHM ycnexoM TeopnH MarHeTH3M MeTajuioB, h6bo3mo:>khbim 6e3 s-d MOfle- 
jih, Gbijio oTKpbiTiie KocBeHHoro oGMeHHoro B3aHMo,neHCTBH5i Py^epMaHa— Khttcjih — Ka- 
cya — HocH^a (PKKH) nepe3 sjieKTpoHBi npoBoniiMOCTH. Oho B03HHKaeT bo btopom no- 
pjiUKe TeopnH B03MymeHHH no s — / oGMeHHOMy napaMeTpy. TaKHM o6pa30M, He tojibko 

JIOKajTH30BaHHBie MOMeHTBI B03^eHCTByiOT Ha nBHJKeHHe HOCHTejiefi TOKa - B03HHKaeT H 

o6paTHoe BjiHsnnie. BHanajie (b 1954 r.) stot MexaHH3M 6biji npefljioaceH PyzjepMaHOM h 
KnTTejieM pjiz B3aHMo^eHCTBHH Mex^y H^epHbiMH cnHHaMH, a 3aTeM npHMeHeH HnoHCKH- 
mh yneHbiMH k jioKajiH30BaHHBiM MOMeHTaM b MeTajiJiHHecKoii MaTpnue. CB. Bohcobckhh 
b coTpy^HHHecTBe c yneHHKaMH (b nacTHocTH, c A. A. BepntinieBBiM) TaK>Ke npoBoniui 
Hccjie^oBaHHH b TeopnH KocBeHHoro o6MeHa [68J, ontiaKo BOBpeMH onyGjiHKOBaTB cboh 
pe3yjibTaTbi ohh He ycnejin. ByzryHH n,ajiBHoneHCTByioriiHM, PKKH-B3aHMO^eiicTBHe sb- 
jiaeTca ochobhbim MexaHH3MOM o6MeHa MejK^y 4/-o6ojio x iKaMH b penKHx 3eMjiax h hx 

npOBO^HIHHX COe^HHeHHHX. 

B nocjienHee BpeMH b 3apy6e>KHOH <pH3HHecKOH jiHTepaType s-d MonejiB nacTo HMe- 

HyeTCH MO^ejIBIO KOH^O. TaKOH HCTOpHHeCKHH «nepeKOC» CBH3aH C HCKJIIOHHTejIBHOH 

BaacHocTBio scpcpeKTa Koh^,o [69] - noxcajiyft, caMoro KpacHBoro HBjieHHH b cpH3HKe TBep- 
npro Tejia. 3,necB cjienyeT oTMeTHTb, hto caM Koh^,o b cBoeM nnoHepcKOM Hccjie^oBaHHH 
aHOMajiHii MarHHTHoro s—d(f) pacceHHHH hcxo^hji H3 raMHjiBTOHHaHa b npe^cTaBjie- 

HHH BTOpHHHOrO KBaHTOBaHHH, KOTOpBIH 6bIJI npeflJIOJKeH BoHCOBCKHM H TypOBBIM [65]. 

HeonpaB^aHHo ninpoKo npHMeHaeTca h TepMHH «penieTKa Koh^o» (oh HcnojiB3yeTcs r&- 
yae fljia oGbihhbix (peppo- h aHTHCpeppoMarHHTBix MeTajiJinnecKHX coenimeHHH) . B ppvi- 
CTBHTejiBHocTH oGjiacTb npHMeHeHHH s-d Mo^ejiH bbixo^ht ^ajiexo 3a npe^ejiBi chctcm, 
r,n,e peajiBHo HaGjuo^aeTCH «KOH,n;oBCKoe» no^aBjieHHe MarHHTHBix momchtob. 

y^HBHTejiBHO njio^oTBopHoii s-d Mo^ejiB OKa3ajiacB rjik MarHHTHBix nojiynpoBonHH- 
kob; 3^ecB oco6eHHo 3HaHHTejibHa 3acjiyra 3.J1. HaraeBa, cncTeMaTHHecKH pa3BHBHiero 
hx Teopnio c HcnojiB30BaHHeM KBa3HKjiaccHHecKoro pa3jio>KeHH5i [56]. B ^ajiBHeiiHieM 
6jiH3KHe npe,ri;cTaBjieHH5i 6bijih HcnojiB30BaHBi fljia TeopeTHnecKoro onncaHHH MaHraHH- 
tob c rnraHTCKHM MarHHToconpoTHBjieHHeM Ha ocHOBe LaMn03 [70J. 

B 3ana^HBix pa6oTax s-d MonejiB HepenKo Ha3BiBaioT Mo^ejiBio BoHcoBCKoro-3HHepa 
- b necTB aMepHKaHCKoro yneHoro K. 3nHepa, npe^iJio>KHBHiero b 1951 r. MexaHH3M ^boPl- 
hoto oGMeHHoro B3aHMo,neHCTBHH b y3KHx 30Hax (b npenejie cHjibHofl cbh3h Meac^y jio- 

KajIBHBIMH MOMeHTaMH H HOCHTejIHMH TOKa) . B nOCJie^Hee BpeMH 3TOT M6XaHH3M HIHpOKO 

o6cy>K^i;aeTC5i b cbh3h c MaHraHHTaMH [71] . 

OTMeTHM TaKJKe, HTO t-J MO^ejIB, HIHpOKO npHMeHHeMaH ^JIH OnHCaHHH HOCHTejiett 

TOKa b Me^HooKCH^HBix cBepxupoBo^HHKax, 3KBHBaji6HTHa s~d Mo^ejiH c 6ojibhihm no 
Mo^yjiio OTpHii^aTejiBHBiM s-d o6MeHOM h cnHHOM S = 1/2 (cm. pa3,n;eji 3.2). 
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TaMMjibTOHHaH s — d(f) Mo^ejiH b npocTennien cpopMe HMeeT bhji, 



(79) 




rjj;e cr — MaTpnuM Ilayjm, I — napaMeTp s — d(f) oGMeHHoro B3aHMOflefl;cTBHfl, KOTopoe 
npe/xnojiaraeTca: KOHTaKTHtiM (bmbojj; s—d(f) Mo/rejin b 6ojiee o6meM cjiynae paccMaT- 
pHBaeTca mrsce). HacTo (Hanp., b peiXK03eMejibHbix MeTajuiax) B3aHMOjj,encTBne MejK/xy 

JIOKajIH30BaHHBIMH CnHHaMH J q HBJIHeTCH KOCBeHHBIM PKKH-o6MeHOM Hepe3 SJieKTpOHBI 
npOBOflHMOCTH, npHHHHOH KOTOporO CJiyJKHT TO >Ke CaMOe S — / B3aHMO^eflCTBHe. O/XHaKO 

npn nocTpoeHHH Teopnn B03MyrneHHH yn;o6HO bkjiiohhtb ero b HyjieBon raMH jibTOHnaH . 

B OTJIHHHe OT BHyTpHaTOMHOrO KyjIOHOBCKOrO (xa66ap^OBCKOro) B3aHMO,HeHCTBHa, 

s — d(f) B3aHMo^;elicTBHe KaK npaBHjio He siBjisieTcsi chjibhbim. TeM He MeHee, oho npnBo- 

JXHT K CyH^eCTBeHHBIM 3<p(peKTaM B SJieKTpOHHOM CneKTpe. C MHKpOCKOnHHeCKOH TOHKH 

3peHH2 oho MOJKeT HMeTb pa3JiHHHyio npnpojxy. B pa^e peiXK03eMejibHbix cncreM (Hanpn- 
Mep, b MarHHTHbix nojiynpoBO^HHKax) sto BHyTpnaTOMHbin xyH/jpBCKnn o6ivreH, KOToptifi 
cpeppoMarHHTeH. HacTo oGMeHHoe B3aHMOJ^encTBHe HBjiaeTca He HacTosrrrnM , a scpcpeK- 

THBHBIM - oGyCJIOBJieHHBIM rn6npHiXH3aHHeH MeJKijy S — 30HaMH H aTOMHBIMH ypOBHHMH 

<i(/)-3JieKTpoHOB; b 3tom cjiynae oh aHrncpeppoMarHHTeH. BnponeM, KaK mm yBH^HM 
HH>Ke, 3HaK s—d(f) o6MeHa He ctojib cymecTBeH, KaK 3HaK B3aHMo^;eHCTBH5i Me>Kixy jio- 
KajiH30BaHHBiMH MOMeHTaMH b Mo^ejiH refeeHGepra: rpy6o roBopa, TeopHH B03Mym;eHHH 
h aiHH aeT csi c KBa/xpaTa s—d(f) o6MeHHoro napaMeTpa. O/xriaKo TaKoft Ba>KHoe (pnsnne- 
CKoe sBjieHHe, KaK acpcpeKT Koh^o, B03HHKaeT tojibko b TpeTteM nopa^Ke. IIpH btom b 
cjiynae OTpHnaTejibHoro (anrncpeppoMarHHTHoro) oGMeHa scpcpeKTHBHoe (nepeHopMnpo- 
BaHHoe) o6MeHHoe B3aHMo^eHCTBHe cTaHOBHTca 6ecKOHeHHbiM, TaK hto MarHHTHoe pac- 
cesiHHe npHBo^HT k nojiHOMy sKpaHnpoBaHnio MarHHTHbix MOMeHTOB [72"| 173] . 

HMefl raMHjibTOHHaH Gojiee cjiojkhoh cpopMbi, s—d Mo^ejib oKa3MBaeTCH b hckoto- 
poM oTHonieHHH Gojiee npocToft, neM Mo^ejib Xa66ap/j;a, nocKOJibKy b Heft bo3mo>kho 
BbinojiHHTb KBa3HKjiaccHHecKoe pa3Jio>KeHHe no MajioMy napaMeTpy 1/(25'). 06e Mo,n;ejiH 
no3BOJi3K)T nojiyHHTb nojiycpeHOMeHOJiorHHecKoe onncaHne sjieKTpoH-MarHOHHoro B3an- 
Mo^eHCTBHH b cpeppo- h aHTHCpeppoMarHHTHMX MeTajuiax, yflOBjieTBopHiomee Tpe6oBa- 
hhsim cHMMeTpHH . KaK npo/^eMOHCTpnpoBaHo b paGoTax [3S1H7], npn nocTpoeHHH TeopHH 
B03MymeHHH no 9JieKTpoH-MarHOHHOMy pacceaHnio pe3yjibTaTbi b o6enx Mo^ejiax otjih- 
naioTCH, KaK npaBHjio, tojibko 3aMeHofi I — > U. 

Hjj;eH s — d(f) MOflejiH nojiynnjin jj,ajiBHenniee pa3BHTne b coBpeMeHHBix TeopeTHKO- 
nojieBBix nojj;xojj;ax. HanpnMep, 6jiarojj,apa cnjiBHOMy 6jin>KHeMy nopa/xicy b jj,ByMep- 
hom cjiynae B03HHKaeT flHHaMHHecKoe pa3Jj;ejieHHe KOJiJieKTHBH3npoBaHHBix n MarHHT- 
Hbix cTeneHeii cbo6ojj,m. JJ^jir onncaHna B3anMojo;eHCTBH5i sjieKTpoHOB npoBojo;HMocTH co 
cnHHOBMMH (pjiyKTyan;H3MH napaMarHOHHoro Tnna b KOJiJieKTHBH3npoBaHHbix MameTH- 
Kax, oco6eHHo b6jih3h KBaHTOBoro cpa30Boro nepexojj;a b MamHTHoe cocTOimne, Gbijia 
npe^ijiojKeHa nojiycpeHOMeHOJiorHnecKaa cnnH-cpepMHOHHaa MOjj;ejib [71] c jj^encTBneM 



rjj;e nojiH c n S cooTBeTCTByioT sjieKTpoHHMM n cnnHOBMM CTeneH3M cbo6ojj,m, njieH c 
I onncbiBaeT B3anMOjj;eHCTBHe Me>Kjj;y hhmh, q = (q,iu n ), k = (k, u n ) (u n = 2nirT n 



S[C, S] = /X il, n ~ £k)cl a C ka - Y^qSgS-q + / ^ S 
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v n = (2n + 1)ttT - 6o30HHbie h cbepMHOHHbie ManyGapoBCKne HacroTbi), 1Z q = Xq l i Xq ~~ 

3aTpaBOHHaH BOCnpHHMHHBOCTb CnHHOBOH nOflCHCTeMM. 

B cTaTiiiecKOM cnynae TZ q = SnoTZq mbi nojiynaeM H3 (1801) raMiijibTOHiiaH, cpopMajitHo 
coBna^aiomHH c raMHjibTOHHaHOM ( !79|) . O^Haxo b cnHH-cpepMHOHHoft Mo^ejin KBa^paT 
nojiHoro cnHHa Ha y3Jie He (pHKcnpoBaH (xax h b ccpepHHecKofl Mo^ejiH fljia jioKajiH3o- 
BaHHBix cnHHOB, o6o6maioiii;eH Mo^ejiB reii3eH6epra) . CpaBHeHHe sjieKTpoHHoro cneKTpa 
^ByMepHoro napaMarHeTHKa c cooTBeTCTByroiiniMH pe3yjiBTaTaMH b KjiaccHHecKofi s—d 
Mo^ejiH c chjibhbim KoppejiHHHHM npoBe^eHo b paGoTe |75| . 

B cjiynae s — d(f) o6MeHa rH6pH^H3an;HOHHOH npHpo^bi s — d(f)-Moji x ejib TecHo cBS3aHa 
c Mo^ejibio AH^epcoHa. B npeHe6pe>KeHHH op6HTajiBHBiM BBipoac^eHHeM ee raMHjibTOHH- 
aH 3anHCBiBaeTC5i kbr 

H = E h c Lc k . + Nth, + Victj^ + flc^)] IrfrJiJ), (81) 

kcr i 

r^e V — MaTpHHHBifi 3jieM6HT rH6pH^H3an;HH; A — nojioxceHne d-ypoBHH, oTCHHTbreae- 
moto ot E-p\ U — BHyTpHy3ejiBHoe KyjioHOBCKoe B3aHMO,n;eHCTBHe. Hcxo^ho 3Ta Mo^ejib 
(b cjiynae o^hoh (i-npHMecn) Gbijia npe^jioaceHa AH^epcoHOM, htoGbi nccjie^oBaTB npo- 
GjieMy cpopMHpoBaHHa jioKajibHoro MOMeHTa npn rH6pH,n;H3aHHH aTOMHoro ci-ypoBHa c 

30HOH npOBO^HMOCTH. B npe^ejie 6ojIBHIHX U HJieH C KyjIOHOBCKHM B3aHMO,H;eHCTBHeM 

MoaceT 6bitb onymeH, ho npn stom o^HosjieKTpoHHbie onepaTopbi ^jih g?(/)-coctohhhh 
3aMeH5HOTC5i npoeKi^HOHHBiMH X-onepaTopaMH. 

IlepHo^HHecKas Mo^ejiB AH^epcoHa onncbiBaeT cHTyauHio, Kor^a cHjibHOKoppejinpo- 
BaHHBie d(f)— sjieKTpoHBi He ynacTByioT Henocpe^cTBeHHO b 30hhom ^bhjkchhh, ho th- 

6pH^H3yK)TCH C COCTOHHHHMH 30HBI npOBO^HMOCTH. TaKOe nOJIOJKeHHe HMeeT MeCTO flJIH 

pa^a pe^K03eMejibHbix h aKTHHH^Hbix coe^HHeHHH. rH6pH,ii;H3aHHOHHaH (MHoroKOHcpH- 
rypauHOHHaa) KapTHHa nacTo nojie3Ha h rjik o6cyjK^;eHH3 sjieKTpoHHbix cbohctb nepe- 
xo^hbix c?-MeTajiJioB h ^pyrnx d— sjieKTpoHHbix chctcm. HanpHMep, cnjiBHaH p—d rn6pH- 

^,H3an,H5I HMeeT MeCTO B Meflb-KHCJIOpO^HblX BBICOKOTeMnepaTypHBIX cBepxnpoBo^HHKax 
(cp. ©). 

s — d(/)-o6MeHHaH Mo^ejib aBjiaeTCH npe^ejioM Mo^ejiH AH^epcoHa b cjiynae, Kor,n;a 
3tot ypoBeHb jie>KHT rjiy6oKO nofl ypoBHeM OepMH |76| : (popMajibHO OHa nojiynaeTcs H3 
(I8ip KaHOHHHecKHM npeo6pa30BaHHeM, ycTpaHjnomHM HjieH rH6pH^H3an;HH, Tax hto 

7 = 1,2 (s ~ aTu) ' < 82 > 

Cjiynaft npoMe^KyroHHOH BajieHTHocTH cooTBeTCTByeT cHTyaHHH, xor^a, Hao6opoT, 
HinpHHa /-nHKa, oGycjioBjieHHaa rH6pH,n,H3aHHeH, T = irV 2 p (p - hjiothoctb coctoh- 
hhh sjieKTpoHOB npoBo^HMocTH Ha ypoBHe OepMn), Majia no cpaBHemno c paccTOHHHeM 
|A| = |£f — Ep\. PHfl pe^K03eMejibHbix sjieMeHTOB (Ce, Sm, Eu, Tm, Yb h, bo3mo>k- 
ho, Pr) He oGjia^aioT ycTOHHHBOH BajieHTHocTbio, ho mchhiot ee b pa3JiHHHbix coe^HHe- 

HHHX [?S1 [TBI [77]. B HeKOTOpblX COe^HHeHHHX ^aHHbie SJieMeHTbl MOryT HaXO^HTbCH B 

Tax Ha3biBaeMOM cMeniaHHOM BajieHTHOM coctohhhh, r^e Ha aTOM npHxo^HTcs Hen;ejioe 
hhcjio /-- sjieKTpoHOB. TaxaH cHTyau,HH B03HHKaeT, ecjiH KOH(pHrypau;HH 4/ n (5<i6s) m h 
Af n ~ l (5d6s) m+1 noHTH Bbipoac^eHbi, Tax hto cnjibHbi MeJKKOHcpHrypai^HOHHbie cpjiyKTy- 
auHH. B MeTajuiHHecKHx cncTeMax sto cooTBeTCTByeT /-ypoBHio, pacnojio>KeHHOMy okojio 
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ypoBHa OepMH, npnneM /-coctohhhh rH6pH/XH30BaHbi c coctohhhhmh 30Hbi npoBOJXHMO- 

CTH. 

CocTosiHiie npoMexcyTOHHoii BajienrHocTH (nB) xapaKTepH3yeTCH HajiHHHeM ofl- 
hoh jihhhh b MeccGayspoBCKHx 3KcnepHMeHTax (MacniTaG BpeMemi H3MepeHHii — okojio 
10~ n c), KOTopaa HMeeT npoMexcyTOHHoe nojioaceHne. BMecTe c TeM b peHTreHOBCKicx skc- 
nepHMeHTax (BpeMH — okojio 10~ 16 c) Ha6jiiojj,aioTC5i /XBe jihhhh, KOTopbie cooTBeTCTByioT 
KOHcpHrypaHHHM f n h f n ~ l . Cneii,H(pHHecKOH ocoGeHHocTBK) nepexojj,a b cocTOHHue IIB 
HBjiHeTCH TaKace H3MeHeHHe penieTOHHoro napaMeTpa k 3HaHeHHK>, npoMexcyTOHHOMy 
Meyapy cooTBeTCTByionxiiMH 3HaneHH5iMH nejioniicjieiiiibrx BajieHTHbix coctohhhh. TaKiie 
npeBpani;eHHH (HanpHMep no/j; j^aBjiemieM) , Kax npaBHjio, pe3KHe (nepexo/jbi nepBoro po- 
fla). ITomhmo 3Toro, IIB-coejj;HHeHHJi o6jia/j,aioT npn hh3khx TeMnepaTypax 3HaHHTejiBHo 

yBejIHHeHHOH SJieKTpOHHOH TenjIOeMKOCTBIO H MarHHTHOH BOCnpHHMHHBOCTBK) . IIpH Bbl- 

cokhx TeMnepaTypax BejnraiiHa x{T) no/x^imaeTca 3aKOHy Kiopn — Beiicca c scpcpeKTHB- 

HBIM MOMeHTOM, npOMeJKyTOHHBIM MeJK/jy 3HaHeHHHMH flJIH COOTBeTCTByiOIIXHX aTOMHblX 

KOHcpHryp ainin . 

CocToaHHe penieTKH Kohjj,o (hjih c THJKejibiMH <pepMHOHaMii) mojkct paccMaTpiiBaTbcs 
KaK npejj,eji coctohhhh IIB c noHTH uejioft BajieHTHOCTbio (ee H3MeHeHHe He npeBbiniaeT 

HeCKOJIbKHX npOHeHTOB) . B H6KOTOpOM CMblCJie, nB-CHCTeMbl MoryT paccMaTpHBaTbcs 

KaK penieTKH Kohjj;o c 6ojibHiHMH 3HaHeHHHMH Tk |77| . npuneM, b otjikhhc ot coctoh- 

HH5I KOHJ^O-pemeTKH, B COCTOHHHH IIB HrpaiOT BaJKHyiO pOJIb He TOJIbKO CnHHOBbie, HO H 

3apHjj,oBbie (pjiyKTyauiiH. 

PaccMOTpeHHbie MOJj;ejiH ninpoKo npHMeHHioTCH fljia hhctmx pe/XK03eMejibHbrx MeTaji- 

JIOB H aKTHHH JJ^OB , a TaKJKe flJIH o6b.HCHeHHH CBOHCTB pHfla 3K30THHeCKHX COeiXHHeHHH - 

CHCTeM c npoMejKyTOHHOH BajieHTHOCTbio, THJKejibiMH cpepMHOHaMH, "pemeTOK Kohjj;o". 

Hto6m onncaTb o6pa30BaHHe cHHrjieTHoro kohjjp-coctosihhs b oGjiacTH chjibhoh cbh- 
3H, mojkho Hcnojib30BaTb npocTofi raMHjibTOHHaH SU(iV)-peHieTKH AHjj,epcoHa: 

H = ^4m c km + A Xi{mm) + V^yi m X^m) + X_ k (mO)c km ] (83) 

km im km 

(m — 1, . . . , N). 3t& MOJj;ejib yopGiia npn onncaHHH Me>KKOH(pHrypaii,HOHHbix nepexojj,OB 
/°— f 1 (ii;epHH, J = 5/2) hjih f 1A —f 13 (HTTep6nH, J = 7/2) h nacTO npHMeHaeTca b 
paMKax pa3jio>KeHHH no 1/N. Bojiee oGinaa: h peajiHCTHHHasi MOJj;ejib s — / rH6pH/xH3anHH 
c BKjiioHeHHeM ja;Byx (Boo6ni,e roBopa, MarHHTHbix) KOH<pHrypaii,HH o6cyjKjj;aeTCH HiiJKe b 
pa3ja;ejie 3.5. 

Mcflejib (183]) MOJKeT 6biTb cBefleiia KaHOHHiecKHM npeo6pa30BaHHeM, HCKjiionaioiirHM 
rH6pHflH3aHHio, k TaK Ha3biBaeMOH MOJj;ejiH Ko6jiHHa — LQpncpcpepa: 

^CS = Yl tkC L C km - 1 Yl X i( mm ') C L> C irm ( 84 ) 
km imm' 

npHHeM / = V 2 /A. Hto6bi H36e>KaTb Tpyj^HocTefl BCJiejj;cTBHe cjiojkhbix cooTHonieHHH 
KOMMyTai^HH jj;jih X-onepaTopoB, Hcnojib3yioT npe,zi;cTaBjieHHe |79| 

Xi(mQ) = flj\, X t (m'm) = f} m ,f im , X,(00) = b\b i: (85) 
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rjj;e f* — cpepMneBCKHe onepaTopbi, — BcnoMoraTejit.HL.ie 6o3e-onepaTopt.i. 3to 
npejj;cTaBjieHHe yzjoBjieTBopaeT HeoGxojjHMBiM KOMMyTanHOHHBiM cooTHorneHHHM X- 
onepaTopoB. B to ace BpeMH, corjiacHO ( 1TB]) . HyscHO Tpe6oBaTb BBinojmeHHs: BcnoMO- 
raTejiBHoro ycjioBHH 

X t (mm) + X,(00) = £ f\ m f im + b\b t = 1. (86) 

m m 

Torjj;a napaMeTp nepeHopMnpyeT MaTpnnHBie sjieMeHTBi rn6pHiXH3anHH. IIomhmo 
npuMeHeHHs k peajiBHBiM cHCTeMaM, Taxne MORejm no3BOJiHioT ctpohtb pa3Jio>KeHHe no 
cpopMajiBHOMy MajioMy napaMeTpy 1/N. 

JXjis onncaHHH 3apa^;oBBix (pjiyKTyanHH b cncTeMax c npoMexcyTOHHoft BajieHTHOCTBio 
HHorjj;a ncnojiB3yeTca Tax Ha3BiBaeMaa Moppjib OajinKOBa-KnMGajuia, b KOTopofl bbo/xht- 

C5I KyjIOHOBCKOe B3aHMO^eHCTBHe MeJK/jy JI0KajIH30BaHHBIMH H KOJIJieKTHBH3HpOBaHHBIMH 

3 jieKTpoHaMn . TaMnjiBTOHnaH GeccnnHOBon MOJj,ejin OajiHKOBa— KnMGajiJia c BBejj;eHHeM 
rn6pimH3aniiH HMeeT bh/j, 

n = E h c k c k + A /k/k + v( C y k + fic k ) 

k % 

rjj;e G — BHyTpny3ejiBHBin KyjioHOBCKnn s(d) — / nnrerpaji; fljia npocTOTBi npeHeGpera- 
eM 3aBHCHMocTBio ™6pH;xH3aHHH ot k. Taxon raMnjiBTOHnaH no3BOJiaeT jierKo ynecTb 
cnjiBHoe / — / oTTajiKHBaHne Ha y3Jie (b GeccnnHOBon Mojj;ejiH iXBajKiXBi 3aHHTBie cocto- 
hhhh 3anpemaioTCH npnHnnnoM ITayjiH) n ynoGeH npn onncaHnn BajieHTHBix cpa30BBix 
nepexojj;oB, npnneM B3aHMOflencTBHe G Ba>KHO fljis MHorosjieKTpoHHBix skchtohhbix 3cp- 
(peKTOB. 3th scpcpeKTbi MoryT npHBOiXHTB k cymecTBeHHOH TeMnepaTypHofi 3aBHCHMOCTH 
sjieKTpoHHoro cneKTpa, b nacTHocTH, rH6pHjxH3aHHOHHon inejin [80J. 

Mo^ejiB OajiHKOBa— KnM6ajiJia mojkct 6bitb o6o6meHa BKjnoneHHeM KyjioHOBCKoro 
B3aHMOja;eHCTBH5i Ha pa3JiHHHBix y3Jiax, KOTopoe no3BOJiHeT onncBiBaTB 3apa^;oBoe yno- 
pajj;oHeHHe. IIpH stom o/XHonpHMecHaH Mo^ejiB OajinxoBa — KnMGajiJia c rH6pn^H3aniieH 
sKBHBajieHTHa npo6jieMe Kohjj;o |81| . 

3.1 3jieKTpoHHbie cocToaHHa b s — d o6mghhoh Mo^ejin 

CneKTp coctohhhh 3jieKTpoHOB npoBo/xHMocTH mojkbt cymecTBeHHo MeHHTBCH 6jiaroja;apH 

B3aHMOJj;eHCTBHIO C JI0KajIH30BaHHBIMH MOMeHTaMH, R&TKe eCJIH OHO He CJIHUIKOM BejIHKO. 
PaCCMOTpHM OJj;H03JieKTpOHHyiO (pyHKITHIO TpnHa 

Gka(E) = ((c ka \clj E = [E — t ka - ^(E)}- 1 , t ka = t k - aI(S') (88) 

B napaMarHHTHOM cjiynae 3annnieM H,enonKy ypaBHeHnft jjBHJKeHHH 

(E - t k )G ka (E) = 1 - / E n p (E) (89) 

p 

rk P (£) = E(((V-')ck- PCT '|cL)) s 

a 1 



+ Gj2f}fi4a, (87) 
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(E - t^ p )Tl p (E) = -J«S p S_ p > - 2m k _ p ))G ka (E) - 1(1 - 2n k _ p ) £ T^(E) (90) 

q 

3^ect. BbinojiHeHo pacnenjieHne Tnna Haraoxa, KOTopoe paHee ncnojib30Bajiocb ^jih nc- 
cjieflOBaHHa scpcpeKra Koh^o b oflHonpnMecHon Mo^ejin (cm. [69]), n k = (cj^c^), 



m * = £<(V^)4x<W> = -ilm I dEfiE^^E) 

qcr' q 



(91) 



BtipaacaH HHTerpajibHbin njieH b ypaBHeHnn (190]) H3 ypaBHeHna (1891) . mbi MoxceM (pop- 
MajiBHO peniHTb 3Ty cncTeMy ypaBHeHnn n nojiynnTb fljin co6cTBeHHon 3Heprnn 

r^e 

q K q k K 

(94) 

KaK cjie^yeT H3 (I92p , b TpeTteM nopa^xe no s — d oGMeHy b mhhmoh nacTn co6cTBeHHoii 
sHeprnn B03HHKaeT KOH^oBCKHfi (jiorapncpMHHecKHH no 3Heprnn) BKjiafl ot HHTerpajia 
c cpepMneBCKHMH (pyHKi^HHMH n k ; b to ace BpeMH BemecTBeHHan nacTb CHHryjisipHoro 
BKjia^a KOMneHcnpyeTCH njieHaMH c KoppejinTopaMH m k . 

B cjiynae (peppoMameTHKa bo btopom nopa^Ke Teopnn B03MymeHHH rjik coGcTBeHHO- 
SHepreTHnecKoii nacTH nojiynaeM 

r,n;e iV q - 6o3eBCKne cpyHKHHH pacnpe^ejieHHH MamoHOB. B cnjiy BpamaTejibHoft chm- 
MeTpnn ajiercrpoH-MarHOHHoro B3anMo^encTBHH ero aMnjiHTyna oGpamaeTca: b Hyjib npn 
q — > 0, Tax hto nonpaBKH k cnercrpy nponopnHOHajibHbi T 5 / 2 (nonpaBKH nopaflica T 3 / 2 
ot nonepenHBix n npo^ojibHbix BKjia^OB B3anMHO KOMneHcnpyioTca). 

IlpHBe^eHHbie BbipaxceHHS no3BOJiaiOT paccMOTpeTb KapTHHy njioTHOCTH coctohhhh c 
yneTOM KoppejiannoHHtix acpcpeKTOB p3| [MJ ETJ [62] . 3anHCbiBaa: pa3Jio>KeHHe ypaBHeHna 
^aflcoHa f )88p . nojiynaeM 



N a (E) = --lm VG kff (£) 

7T ^—^ 



k k k 

06cy^HM no^;po6Hee cjiynan cnjibHoro nojiyMeTajuinnecKoro cpeppoMarneTHKa (IIMO), 
r,n,e pacmenjieHne cnnHOBbix no^30H npeBbiniaeT sHeprnio OepMH, Tax hto 3anojiHeHa 
TOJibKo o^Ha H3 hhx. BTopoft HjieH b npaBoft nacTH OHS]) onncbiBaeT nepeHopMnpoBKy 
SHeprnn KBa3HnacTHn;. TpeTnii njieH, KOTopbift B03HHKaeT H3-3a pa3pe3a co6cTBeHHoii 
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Phc. 4: IIjioTHOCTb coctohhhh nojiyMeTajuiHnecKoro (peppoMaraeTHKa c I = 0.3 > 
fljis saTpaBOHHofl nojiysjuinnTHHecKoii 3ohbi c ninpHHofi W = 2. HeKBa3HnacTHHHbie 
coctohhhh c a —\. (hhjkhhh nojiOBHHa pncyHKa) OTcyTCTByioT HKace ypoBHH OepMH. B 
cjiynae nycToft 30hbi (nynKTHp) cnnH-nojiHpoHHbiH xboct coctohhhh co ciihhom bhh3 
^ocTHraeT ,znia nojiocbi; KopoTKHii nyHKTHp - npnGjiHJKeHHe cpe^Hero nojiH. 

SHeprHH Eko-(-E), onucbiBaeT HeKorepeHTHbift (HeKBasnnacTHHHbiH) BKJiafl BCJie^cTBHe 
pacceaHiia MarHOHOB. Bh^ho, hto oh He o6pamaeTca b Hyjib b sHepreTnnecKOH o6jia- 
cth, cooTBeTCTByiomeH «ny>KOH» cnHHOBofi no^30He c npoTHBonojio>KHOH npoeKH,Hefi —a. 
T 3 / 2 -3aBHCHMocTb MaraoHHoro BKjia^a b BbineT cpyHKHHH TpHHa, t. e. scpcpeKTHBHon Mac- 
cbi b HHJKHeii cnHHOBoli no^30He, h yBejiHHeHHe c TeMnepaTypoH XBOCTa BepxHeii no^30Hbi 
npHBo^HT k cHjibHbiM TeMnepaTypHbiM 3aBHCHMocT3M napnHajibHbix 3HaHeHHH N a (E) 
npoTHBonojio>KHoro 3HaKa. CooTBeTCTByioinee noBe^eHHe cnHHOBoft nojiHpH3anHn sjiex- 

TpOHOB npOBCflHMOCTH P(T) ~ (S Z ) nOflTBepjKflaeTCH SKCnepHMeHTajIbHblMH ^aHHblMH 
no nOJieBOH 9MHCCHH H3 CpeppOMarHHTHblX nOJiynpOBO^HHKOB H KHHeTHHeCKHM CBOHCTBaM 

nojiyMeTajuiHHecKHx cnjiaBOB Teflcjiepa |5U1 IM] . 

ripH HyjieBoii TeMnepaType KapTHHa N(E) okojio ypoBHH OepMH b IIM<J> (hjih bm- 
po>K^;eHHbix nojiynpoBo^HHKax) 0Ka3biBaeTCH TaioKe HeTpHBnajibHOH. Ecjih npeHeGpenb 
MarHOHHbiMH nacTOTaMH b 3HaMeHaTeji5ix (|95|) . to napnnajiBHaH njioTHocTb HeKorepeHT- 

HblX COCTOHHHH ^OJIJKHa nOHBJIHTBCH CKaHKOM BblHie HJIH HHJKe ypOBHH OepMH flJIS I > 

h / < cooTBeTCTBeHHO H3-3a HajiHHHH cpyHKiniH pacnpe,n;ejieHHH OepMH. YneT KOHen- 

HOCTH MarHOHHblX HaCTOT CJ q Be^eT K pa3MbITHK» 3THX OCo6eHHOCTeH Ha SHepreTHHeCKOM 

HHTepBajie w max <C E-p (pnc.|U[5]), npnneM BejiHHHHa N—a- (-^f) 0Ka3biBaeTca paBHa Hyjno. 

Cjiynan DlMO, r^e 3anojmeHa TOJibKo ojjHa cnHHOBaa no^30Ha, mojkct 6biTb nccjie- 
^oBaH Gojiee CTporo. B chhh-bojihoboh oGjiacTH 3^ecb bo3mojkho nocjie^oBaTejibHoe pac- 
CMOTpeHHe nyTeM pa3Jio>KeHHH no nncjiaM 3anojiH6HHH 3jieKTpoHOB h MamoHOB. C 3toh 
n;ejibio Moryr 6biTb Hcnojib30BaHbi MeTo^bi ypaBHeHHft ^BHJKeHHH fljia: (pyHKHHH Tpn- 
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Phc. 5: IIjiothoctb coctohhhh nojiyMeTajiJiHHecKoro cpeppoMaineTHKa c I = —0.3 < 
(ocTajibHbie napaMeTpti KaK Ha pnc. 2]). HeKBasHnacTHHHBie coctosihhsi c a =f B03HHKa- 
K)T HHJKe ypoBHa OepMH 



Ha [83], npoH3Bo^HH];ero cpyHKHHOHajia j82] h pa3Jio>KeHHe onepaTopa sbojiiohhh [87J. 

IlpH 3TOM B KaJK^OM nopHJXKe B03HHKaK»T HHTerpajIBHBie ypaBHeHHH, OnHCBIBaiOUXHe 

sjieKTpoH-MaraoHHoe pacceHHHH (no cTpyKType ohh noxoacn Ha HHTerpajIBHBie ypaB- 
HeHHa THna Haraoxa |52|). 

3^ecB mbi orpaHHHHMca npocToft HjijnocTpaHiieii. CocTaBjiHH aHajiorHHHo f )90|) HHTe- 
rpajIBHBie ypaBHeHHH fljis cpyHKHHH TpHHa (E) = ((&pCk_ p _<r|c ko .)}s, Haxo/XHM npn 
/ > 

G^{E) = G^(E) = (E-t k + IS)' 1 (97) 



-i 



G kl (E) = ( E - tt + IS- T - w - ) ) , (98) 

R V (E) = £(1 ~ i!k- q t)G t _ qt (£; - «,) 
q 

TaKHM o6pa30M, sjieKrpoHBi co cnHHOM BBepx flBHacyTca cbo6o^ho, a coctohhhh co cnn- 
hom bhh3 HMeioT HeKorepeHTHBifi xapaKTep ((pyHKHHa TpHHa HMeeT pa3pe3, ho He HMeeT 
nOJHOCOB HHJKe ypoBH2 OepMn). 

fljia I < pe3yjiBTaT /yis cnnHa bhh3 coBnaflaeT c (198]) (npn rikf = 0). 3Ta cpyHKHHH 
TpHHa JxaeT TOHHoe penieHHe 3a,naHH o B3aHMo,neHCTBHH sjieicrpoHa co chhhoboh bojihoh 
h HMeeT cnHH-nojisipoHHBiH nojnoc E^, npnieM b npe^ejie / — > — oo HMeeM 

2 9+1 

G^(E) = -^-e -t k ,e = E-I(S + 1) 
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HanpoTHB, (pyHKinia TpHHa co cnHHOM BBepx HMeeT HenojiiocHyio CTpyKTypy: 

E - t k - IS + 



1 + IR H (E) 
^2 nk-^G^^E + w q ) 



(99) 



B Koop^HHaTHOM npe^cTaBjieHHH 3th BBipa>KeHHH rjik (pyHKHiift TpHHa MoryT 6bitb 0606- 
meHBi Ha cnynaH 6ecnopa^;Ka h Hcnojib30BaHbi rjik onncaHHa npocTpaHCTBeHHO Heo^i;- 

HOpO^HblX CHCTeM. 

B npe,n;ejie I — > +oo pe3yjibraT (198]) ^aeT npaBHjiBHBiH npe^ejibHbifl nepexofl 



G H (E) 



1 



s-t k + 2S/R^(E)' 



s = E + IS 



(100) 



C flpyrofi ctopohm, Bbipa>KeHHe ( 19 9 p b npe^ejie / — > — oo ^aeT KanecTBeHHo npaBiijib- 
Hyio HenojiiocHyio CTpyKTypy, ho Bee ace He oGecnenHBaeT corjiacna c aTOMHbiM npe^e- 
jiom, nocKOJibKy npn pacn;enjieHHHx HexoppeKTHo ynHTbiBaeTCH cnjibHoe BHyTpnaTOMHoe 
s — <i-B3aHMo^i;eHCTBHe. TaKHM o6pa30M, npn 6ojibihhx |J|, Kax h b mo^jih Xa66ap^a, 
Heo6xo^HM nepexofl k aTOMHOMy npe^cTaBjieHHio (cm. cjie^yioiHHH pa3^eji). BbinncjieHHe 
c ero noMomBio ^aeT b6jih3h HHxaiero Kpaa 3ohbi (cp. |84| ) 



25/(25 + 1) 



E - El + (25 - n)lR^{E) 



n 



k-qt 



^E 

q 



E; 



:ior 



k-q 



^jis paccMOTpeHHa sjieKTpoHHoro h MarHOHHoro cneKTpoB MeTajiJinnecKoro aHTHCpep- 
poMarHeTHKa b s — d(f) oGmchhoh mo^jih nepefl^eM k jioKajiBHofl cncTeMe Koop^HHaT 



Sf ->• SI cos QRi - S? sin QR i? 

S? ->• 5? sin QR, + Sf cos QR i; SI ->• -Sf . 
Tor^a raMHjiBTOHHaH s—d(f) o6MeHHoro B3aHMo^eHCTBH5i npHMeT bh,h; 

"Hsd = -lY^[ S q( C l+<ii C H ~ C k+qf C kt) + ^q( C k-Q| C k-Qt - C k+qt C k-Q4) + 



(102) 



kq 



+ Sq( C k+qt C k-Q; + C L Q 4 C k-qf)] ■ (103) 



B npnGjiHJKeHHH cpe,n;Hero nojia sjieKTpoHHBin cneKTp co^ep>KHT ^Be pacmenjieHHBie 
aHTHCpeppoMarHHTHBie nofl30Ht>i, KOTopBie onpe,n;ejiaeTcs: BBipaaceHHeM f[62l c 3aMeHOH 
U — > I. Ilepexo^a b jioKajiBHofi cncTeMe Koop^HHaT k MarHOHHOMy npe^cTaBjieHHio h 
bbihhcjihh sjieKTpoHHyio co6cTBeHHyio SHeprnio bo btopom nopsmKe no J, nojiynaeM 



PS 



Q 



1 - 72 k _q + iVg 
_ ^k-q — W q 



n k _ q + iVg 

E — i k _ c 



qJ 



+ 



+ («q + Uq) 



1 - n k+q _Q + jV q n k+q _ Q + iVg 

-E — ^k+q-Q _ W q — tk+q-Q + ^q 



(104) 
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r,n;e S — HaMarHUHeHHocTt no^penieTKH, u q , w q — KoscpcpHirneHTBi npeo6pa30BaHHH Bo- 
rojiio6oBa. BtiHucjieHne ^aeT T 2 -3aBHCHMocTt> sjieicrpoHHoro cnercrpa; oHa HBjiseTcs 
cjieflCTBHeM jiiiHeiiHOH ^HcnepcHH cneKrpa cniiHOBoii bojihbi h 3aBiicHMocTii aMnjiiiTy- 

flbl SJieKTpOH-MarHOHHOrO B3aHMO,HeHCTBH5I BHfla KOTOpBie CIieUIKpHTHBI flJIH aHTH- 

cpeppoMarHeTHKOB. IIonpaBKH k 3HeprHH ^Ha 3ohbi (t^ = t min ) H3-3a HaMarHHneHHocTH 
no^peineTKH h nonepeHHBix (pjiyKTyauiift HMeiOT npoTHBonojic»KHBie 3HaKH. BKjiafl ot 
cpjiyKTyanrm npeoGjia^aeT, hto npHBOflHT k <ccHHeMy» cflBury ^,Ha 30hbi npoBCflHMOCTH c 
yMeHBineHneM TeMnepaTypBi, KOTopBifl HaGjiipnaeTCH b aHTHcpeppoMarHHTHBix nojiynpo- 
BO^HHKax [56], b OTjiiiiiie ot -«KpacHoro» cflBHra b cpeppoMarHHTHBix nojiynpoBO^HHKax. 

3ariHiiieM Taxace MHorcojieKrpoHHBiH BKjia^ TpeTBero nopa^Ka b co6cTBeHHyio 3Hep- 
rmo, KOTopBifl onncBiBaeT nepeHopMHpoBKy aHTHcpeppoMaraHTHOH mejin H3-3a no^oGHBix 
pacxo^HMOCTeii KOH^OBCKoro THna [106J: 

5^\E) = 2I 3 S 2 Y ~ 9 tk+q) 9 ( — 1 . (105) 

Otmcthm, hto Bee sth BKjia^bi MoryT 6bitb nojiyneHBi H3 BBipaxceHHH fljia napaMar- 
HHTHoro cjiynaa (192|) , ecjni ynecTB cnenHcpHHecKHH BHfl ,zrHHaMHHecKOH cnHHOBoft Koppe- 
jihhhohhoh cpyHKHHH b aHTHCpeppoMarneTHKe 

tf q (w) = 5 2 5(q - Q)(J(w) + 5(u q - v q ) 2 [(l + iV q )5(u; + w q ) + jV q 5(w - Wq )]. (106) 

Ajih ^ByMepHBix cpeppo- h aHTHCpeppoMameTHKOB ,n;ajiBHHH MarHHTHBift nopa^OK npn 
T > OTcyTCTByeT, oflHaico npii hh3khx TeMnepaTypax b KoppejiHiTHOHHoii cpyHKHHH 
co^epjKaTca noHTH ^ejiBTa-cpyHKHHOHHBie BKjiaflti, cBH3aHHBie c chjibhbim 6jih>khhm no- 

pHflKOM B JIOKajIH30BaHHOH nO^CHCTeMe. TaKHM 06pa30M, B CnHH-BOJIHOBOH oGjiacTH TeM- 

nepaTyp CTpyKTypa cneKTpa coxpaHaeTCH [85J. 

KaK noKa3aHo b pa6oTe |86j b paMKax s — d oGmchhoh Mo^ejin cpeppoMaraeTHKa, 
b6jih3h noBepxHocTH OepMH cneKTp B036y}K,neHHH ^eMOHCTpnpyeT HecpepMHJKH^KocT- 
Hoe noBe^eHHe. CneKrpajiBHaH cpyHKHHH npn TeMnepaTypax T < Ao (Ao - cnHHOBoe 
pacmenjiemie b ochobhom coctohhhh) HMeeT ^ByxniiKOByio CTpyKTypy, hto 03HanaeT 
KBa3Hpacin;enjieHHe noBepxHocra <J>epMH b napaMarHHTHoft cpa3e b npucyTCTBun chjib- 
hbix cpeppoMarHHTHBix (pjiyKTyauiiH. 

3.2 s — d o6MeHHaa Mo^ejib c y3KHMH 30HaMH h t — J Mo^ejib 

s — d oGMeHHyio Mo^ejiB mojkho ncnojiB30BaTB h b npe^ejie chjibhbix Koppeji3n;HH npn 
paccMOTpeHHH nepeHoca sjieKTpoHOB b y3Knx BBipojK^eHHBix 30Hax. 3Ta Mo^ejiB coot- 
BeTCTByeT cjiynaio, xor^a hochtcjih Toxa He npHHa^jie>KaT toh ace sHepreTHnecKofl 30He, 
r^;e (popMnpyioTca MamnTHBie momchtbi. Taxaa cHTyan;H5i HMeeT MecTo b HexoTopBix 
MarHHTHBix nojiynpoBCvTHHKax h MeTajuiax, HanpHMep MaHraHHTax [70J. 

B cjiynae cnjiBHoro s — d o6MeHa I y^;o6Ho nepefiTH k aTOMHOMy npe^cTaBjieHHio |85| 
ITE] . no^cTaBjiHH 3HaHeHHH Kos(p(pHH,HeHTOB KjieGuia— rop^aHa, oTBenaioBUHx cjioaceHHio 

MOMeHTOB S H 1/2, HaXO^HM Co6cTBeHHBie (pyHKI^HH 1-isd- 

\M) = \SM)\0), \M2) = \SM)\2), (107) 
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^ ±)= l 2S + 1 J l^-^lt)*^ 2S + 1 J l^+2>U>> ( 108 ) 

rn,e |/ia) — coctohhhh, 3aHHTBie oahhm sjiercrpoHOM, c nojiHBiM ctiuhom Ha y3Jie S + a/2 
h ero npoeKHiieH \i. Torjj;a T-i s d Jj;HaroHajiH3yeTCH: 

5+1/2 5-1/2 

n sd = -is J2 J2 Xi ^+,v+) + i(s+i) Yl X^^-aH- (109) 

H=-S-l/2 i n=-S+l/2 i 

0^HO3jieKTpoHHL»ie onepaTopBi BBipancaiOTCH nepe3 X-onepaTopu KaK 



a=± 



gL = J2ti s + aaM + ( x + «)/ 2 ]/( 25 + 1)} 1/2 ^ ( M + 1. «; M ) > 

M 

*L = J2^ s + aaM + ( x - «)/ 2 /( 25 + 1)} 1/2 ^ ( M2 > M - % -«) • 

M 

B npe^ejie / — )■ aoo ji,jih KOHi^eHTpaHHH sjieKrpoHOB npoBoniiMocTH n < 1 HyscHo coxpa- 

HHTB B (IIIOP TOJIBKO HJKHBI, COJJ,ep5Kam,He gi a , H OnyCTHTB raMHJIBTOHHaH 7{ s rf, KOTOpBIH 

n,aeT hoctohhhbih cnBHr SHeprmi: 

H = ^2t k gl aa g k<7a +U d , a = sign J. (Ill) 

kcr 

,H,JIH 71 > 1 MBI flOJDKHBI OCTaBHTB 1JI6HBI, COJ^epHCaiTIHe hi a , H nepefiTH K «JXBipOHHO- 

My» npe^cTaBjieHHio BBen,eHHeM hobbix jioKajiH30BaHHBix cnimoB S = S ± 1/2 . Torjj,a 
raMHJIBTOHHaH npHHHMaeT bhjj; (I112p c 3aMeHoii |16j : 

t k ^-t 1t (2S + l)/(2S + l). (112) 

IlpH TeopeTHHecKOM paccMOTpeHHH cHjiBHOKoppejinpoBaHHBix coe/iHHeHHH, HanpHMep, 
mcjjb-khcjiopojjhbix BBicoKOTeMnepaTypHBix cBepxnpoBojjHHKOB, ninpoKo HcnojiB3yeTcs 
t— J mojjcjib - mojjcjib Xa66apjja jjjih s-3ohbi c U — > oo h yneTOM reii3eH6eproBCKoro 
o6MeHa. Ee raMHJIBTOHHaH bM9 npejjcTaBjieHHH HMeeT bhjj; 

ijtx 

+ J2 J a + ~ M—)][Xj(++) - *;(—)] | . (lis) 

ij 

3t& MonejiB onncBiBaeT hbhhcchhc jjBipoK Ha (poHe jioKajiBHBix MOMeHTOB 6e3 o6pa30Ba- 

HHH nOJIHpHBIX COCTOHHHH, OJJHaKO JjpnOJIHHTejIBHO BBOJJHTCH o6MeHHOe B3aHMOJjeHCTBHe 

Mencjjy jioKajiBHBiMH MOMeHTaMH. /Jaace b Taxofi ynpomeHHoft mojjcjih B03HHKaeT GoraTan 
(pa30BaH jjnarpaMMa, BKjnoHaiomaH cnnpajiBHBie m arHHTHBie cTpyKTypBi h HeojxHopojr- 

HBie COCTOHHHH (CM. o630p [32j). 
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Bmbo,h aHTH(J)eppoMarHHTHoro KHHeTHHecicoro oGMeHa H3 Mo^ejin Xa66ap^a c Gojib- 
ihhm U KaHOHH^ecKHM npeo6pa30BaHneM ^aeT J = 2t 2 /U. C flpyroft ctopohm, HHor^a 
ynp6Ho cHHTaTt J He3aBHCHMoii nepeMeHHoft. B nacTHocTH, «cynepcHMM6Tpii T iHt>iH» cjiy- 
Haft c t = J no3BojiaeT ncnojiB30BaTB HeTpHBHajibHbie MaTeMaraHecKHe mcto^bi (cm., 
Hanp., [SI]). 

JlerKo BH^eTB, hto Mo^ejib f l 1 1 3 j) — nacTHbm cjiynaH s — d oGmchhoh Mo^ejin c I — > 
— oo, S = 1/2, npnneM 3aMeHHeTCH b fillip Ha 2tk ( MHOJKHTejiB 2 B03HHKaeT H3-3a 
Toro, hto b Mo^ejiH Xa66ap^a sjieKrpoHbi c npoTHBonojioxcHbiMH cnHHaMH b cHHrjieTHofi 

^BOHKe 3KBHBajI6HTHBl) . S— d MO^&JIb C npOH3BOJIbHbIM CTIHHOM S HHOr^a OKa3bIBaeTC2 

Gojiee yn,o6HOH, Tax k&k no3BOJi5ieT Hcnojib30BaTb npii bmhuc jichujix , iiomhmo Majioro 
napaMeTpa 1/z (z — hhcjio GjiHacaflninx coce^eft), KBa3HKjiaccHHecKHH napaMeTp 1/25*. 

Kax h b oGmeft Mo^ejiH Xa66ap^a, b t— J Mo^ejiH MoryT Hcnojib30BaTbca pa3JiHHHbie 
npe^cTaBjieHHa X-onepaTopoB nepe3 BcnoMoraTejibHbie cpepMHOHbi, 6030HM h nceB,n;ocnH- 
hm [32] • Hcnojib3ya (|3TJ|) . b cnynae flbipoHHoii npoBo^HMocTH N e < N mojkho 3anncaTb 

« = - E ^4^(1/2 + s iSj ) + W - ek)^ ~ 1/4)(1 - e] ej ) (114) 

ij ij 

Taxne npe^,CTaBjieHH3 innpoKO npHMemurHCb npn paccMOTpeHHH npoGjieMbi MarraTHoro 

IIOJISpOHa B aHTH(p6ppOMarH6THK6 . 

B to yae BpeMsi raMHjibTOHiiaH f lll3p njrn (lllip mojkho ncnojib30BaTb Henocpe,n;cTBeH- 
ho b paMKax l/z-pa3jio>KeHHH [17J. B aHTHcpeppoMaraeTHKe co cnnpajibHOH MarHHTHoft 
CTpyKTypoii, cooTBeTCTByromeH BOJiHOBOMy BeKTopy Q, mm ^ojukhm nepeftTH b s — d ra- 
MHjibTOHiiaHe k jioKajibHoli cHCTeMe Koop^HHaT c ncnojib30BaHH6M f)102p . JX&nee, nepe- 
xofla ot onepaTopoB d\ a k M3 onepaTopaM, nojiynaeM BMecTo f illip 

K = ^(^La^aa + r k ^ (T a5 , k,- CT> a) + 7i d , (H5) 

kcr 

r,n;e 8^ h onpe^ejieHbi b f )62|) . BbinojiHHH pacuenjieHHe «Xa66ap^-I», fljia sjieKTpoHHoro 
cneKTpa HMeeM 

> 1/2 

r k I , (116) 

B npn6jimKeHHH 6jiHJKaiiiiiHX coce^eii (0 q = 0) fljia J > 30Ha npn T = cyacaeTca b 
(2S + l) 1 / 2 pa3. B to ace BpeMH b paccMaTpuBaeMOM npnGjiHaceHKH ^jia / < (a Taxace 
b t— J Mo^ejin) sjieKTpoHbi He MoryT nepexo^HTb Ha coce^HHe y3Jibi, h hx ^BHaceHHe 
bo3mo>kho TOJibKo 6jiaro^ap3 KBaHTOBbiM 3(pcpeKTaM (HaraeBbiM [56] Taxne cocToaHHa 

6bIJIH Ha3BaHbI KBa3HOCI];HJIJI5ITOpHbIMH) . 

Pe3yjibTaT BbinncjieHHa <pyHKH,HH TpHHa 

G kaa (E) = ((g ka a\gt aa )}E, a = sign/, 
c yneTOM chhhobbix (pjiyKTyan;HH HMeeT BHfl [85J: 

-i 

(H7) 
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S 



2S 



Pi 



S 

2S + 1 



E ^ ka (E) 



S„at 



eff'-k+Q 



/(2S+1) 



E — \&k+Q(-E')ik+Q 



tk 



r^e 



'1181 



S + l 



P_ 



s 



2S + V 2S + 1 

B npeHe6pe>KeHHH cimhobkimh (pjiyKTyainiHMH ^> a = P a h mh nojiynaeM cneKTp (I116p . 
BTopofl HjieH b f lllSp (nonpaBKH ot ciihhobbix (pjiyKTyauHft) Be^eT k KanecTBeHHbiM 
H3M6HeHH5iM b cneKTpe okojio ,o,Ha 30HB1. JJ^jir perueHHH cHCTeMBi (I117p . f 1 1 1 8 j) npn T = 0, 
HcnojiB3yeTca Tax Ha3BiBaeMoe npnGjiHJKeHHe ,n,OMHHHpyioiri,ero nojiioca 



G ka (E) = ^ kQ 



E — E- 



~- + G inco h(k, E) 



(119) 



OueHKa BBmeTa ^aeT 



{\t/JS\^\ 
[S-^nlt/JS^ 2 , 



D 
D 



2. 
3. 



(120) 



TaKHM o6pa30M, iiomumo HeKorpeHeHTHoro BKjia^a, okojio iXHa 3aTpaBOHHOH 30Hbi b ^By- 
MepHoft CHTyauiiH cpopMHpyeTCH y3Kan KBa3HHacTHHHa5i 30Ha c ihhphhoh nopa^xa \J\. 
^aHHBifi pe3yjiBTaT 6biji BnepBBie nojiyneH b pa6oTe [90]. Bh^ho, hto cnjibHoe ctihh- 
sjieKTpoHHoe B3aHMo^,eflcTBHe b ^ByMepHBix cHCTeMax MoaceT npHBo^HTb k GojiBinofl 
sjieKTpoHHoii Macce okojio ^Ha 30hbi ;xa>Ke b cjiynae ojjHoro HociiTejis TOKa. 3tot scpcpeKT 

^OJIJKeH paCCMaTpHBaTBCJI COBMeCTHO C MHOrOSJieKTpOHHblM 3(p(peKTOM Koh^o (pa3,zi. 3.5- 

3.6). 



3.3 ConpoTHBJieHHe MarHHTHbix nepexo^Hbix MeTajuioB 

Hapa^y c ,npyrnMH Mo^ejiHMH, ^jih TeopeTHiecKoro onncaHHSi KHHeTHHecKHX cbohctb 
MarHHTHbix MeTajuioB ya,o6Ho Hcnojib30BaTB s — d(f) o6Memiyio Mo^ejib. 

CymecTBOBaHHe MarHHTHbix momchtob b nepexo^Hbix sjieMeHTax npHBo^HT k flonoji- 
HHTejibHbiM cpaKTopaM, bjihjhoihhm Ha noBe^eHHe HocHTejiefl TOKa bo BHeniHeM sjieKTpn- 
necKOM nojie. Bo-nepBbix, TenjioBbie cpjiyKTyainiH b cncTeMe MarHHTHbix momghtob ^,aioT 

HOBBIH MexaHH3M paCCeHHHH BCJie^CTBHe S — d oGMeHHOrO B3aHMO^eHCTBHH. Bo-BTOpblX, 
3JieKTpOHHbIH CneKTp MarHHTHbix KpHCTajIJIOB CHJIbHO 3aBHCHT OT CaMOnpOH3BOJIbHOH Ha- 

MarmiHeHHOCTH (hjih HaMarHHieHHOCTH no^perneTKH b aHTHCpeppoMarHeTHKax) , a cjie- 
^OBaTejibHO ot TeMnepaTypbi. 

PaccMOTpHM pacceHHHe sjieKTpoHOB npoBo^HMocTH Ha cnHHOBOM GecnopH^Ke b paM- 
Kax s — d o6MeHHOH Mo^ejiH. Pe3yjibTaT Kacyn ,n,jia MarHHTHoro conpoTHBjieHHH npn bm- 
cokhx TeMnepaTypax b npnGjinaceHKH cpe/xriero nojin ji,jih cnnHa 5=1/2 HMeeT bhji, [8] 



9vr /// ' I 1 ( 1 -o 
Y^E^ [a 



Pm.^^^—il-S ). (121) 
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B flajieKofi napaMarHHTHoft oGjiacTH fljia npon3BOJibHoro S HMeeM 



3n m* I 2 

^ = T^E- F SiS + 1) - (122) 



BbipaaceHHe ( 1121 p ^obojibho xoponio onnctiBaeT 3KcnepnMeHTajiBHyio TeMnepaTypHyio 
3aBHCHMOCTt> conpoTHBjieHHH cpeppoMarnnTHBix MeTajiJiOB okojio tohkh Kiopn. ^jih pe,n- 
K03eMejiBHBix MeTajiJiOB BBipaaceHne (I122p c 3aMeHoft S(S +1) — > (g — 1) 2 J(J + 1) 
y^oBjieTBopHTejiBHo onncBiBaeT H3MeHeHHe BBicoKOTeMnepaTypHoro conpoTHBjieHna Ha 
cimhobom GecnopaflKe b 4/-pH,n,e [8]. 

06cyn;HM MarHHTHoe pacceamie npn hh3khx TeMnepaTypax. Ilepexo^H k onepaTopaM 
ciihhobbix bojih, nojiynaeM H3 (popMynti Ky6o 



p = ^2I 2 Se 2 - < +q4 ) 2 iV q n kt (l - n k+q J5(S kt - £ k+q; + Wq ). (123) 

\Jxl kq 



(u£ - onepaTopBi CKopocra, j x - onepaTop TOKa). HHTerpnpoBaHne ^aeT fljia: yzjejiBHoro 
conpoTHBjieHHa 



OC 



P = C ^ 2 i —IT dx + C ^ T In coth-^, (124) 
J sinn x 21 

T /T 

r^e KOHCTaHTBi Cj onpe^ejiaioTca sjieKrpoHHBiM cneKrpoM, BejinnnHa 

T ~ T c q 2 ~ (I/E F ) 2 T C (125) 

coBna^aeT c rpaHnn,en cTOHepoBcxoro KOHTHHyyMa , go = 2|/ ( S'|/i;f — noporoBbifl BeKTop 
fljis o^HOMarHOHHbix npon,eccoB pacceaHna. Ltpn oneHb hh3khx TeMnepaTypax T < T 
o^HOMarHOHHoe conpoTHBjieHne ( |124p SKcnoHeHnnajibHO Majio, Tax xax 3aKOHbi coxpaHe- 
hh2 KBa3HHMnyjibca h SHeprnn He Moryr 6biTb BbinojiHeHbi fljia xapaKTepHbix TenjioBbix 
KBa3HHMnyjibcoB MarHOHOB. Ilpn T S> T HMeeM 

p (T) ~ T 2 iV t (E F )iV 4 (E F ) (126) 

TaKHM o6pa30M, cnHH-BOJiHOBoe pacceHHHe b hihpokom ^Hana30He TeMnepaTyp npnBo- 
,h,ht k KBa^paTHHHofl TeMnepaTypHon 3aBncnMocTn conpoTHB jieHHH . OTjinnne ot cjiynas 
3jieKTpoH-(poHOHHoro pacceHHna: (xor^a npn hh3khx TeMnepaTypax conpoTHBjieHne npo- 
nopnnoHajibHo T 5 ) oGb-acHHeTca KBa^paTHHHbiM 3aKOHOM ^ncnepcnn MarHOHOB, Tax hto 
hx hhcjio nponopnnoHajibHo T 3//2 , a He T 3 . 

SaBHCHMocTB T 2 6bijia ycTaHOBjieHa TypoBbiM [91] h Kacya |92] h b ^ajibHenuieM 
no^TBepjK^eHa MHornMH aBTopaMH. O^Haxo npn oneHb hh3khx TeMnepaTypax b cpep- 
poMamnTHbix nepexcvTHbix MeTajuiax oGHapyxcnBaioTca BKjia^bi b conpoTHBjieHne, ko- 
Topbie nponopn,noHajibHbi T 3//2 hjih T (cm. oGcyjKfleHHe b MOHorpacpnn [3]). JlnHenHbie 
TeMnepaTypHbie nonpaBKH BCJieflCTBne pejisrnBHCTCKHX B3aHMO^encTBHH no-BUflUMOMy 
cjihuikom meuim, nToGbi oGb-acHHTb sKcnepnMeHTajibHbie ^aHHbie. Bbijia c^ejiaHa nonbiT- 
Ka |58] o6T>3CHHTb T 3 / 2 -njieHbi HeKBa3nnacTHnHbiMH BKjia^aMH b npnMecHoe conpoTHBjie- 
Hne, KOTopbie noHBjraioTcs H3-3a chjibhoh BHepreTnnecKon 3aBHCHMOCTH HeKorepeHTHbix 
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COCTOHHHH OKOJIO ypOBHH OepMH (l96|) . YnHTblBaH, HTO B6jIH3H i£p 5N(E) ~ | — i^p \ 3 ^ 2 , 

nojiynaeM nonpaBKy k npoBOJXHMOCTH 

5a(E) ~ -y 2 y (-^^) SN(E) dE ~ — T 3//2 . 

06cynHM Tenepb KHHeTHnecKne cBoiicTBa nojiyMeTajiJiHHecKHx tpeppoMaraeTHKOB 
(IIMO). IIocKOjibKy BKjiafl b KHHeTHnecKHe CBoiicTBa ot sjieKTpoHOB c pa3HbiMH npoex- 
hhhmh cnHHa b bthx MaTepnajiax hojukch pa/XHKajibHo oTjinnaTbcn, b nocjienHee BpeMH 

OHH BBI3BIBaiOT GojIbHIOH HHTepeC B CBH3H CO CnHHTpOHHKOH (cnHH-3aBHCHIIieH SJieKTpOHH- 

koh). Kax Gbijio npeflCKa3aHo b |6U| . b reTepocTpyKTypax, co^epHcarrrnx IIM<J>, cjiejryeT 
ojKH,n;aTb rnraHTCKoro MaraHToconpoTHBjieHHH. Otmcthm 3,n,ecb, hto nojiyMeTajiJiHHe- 
ckbh 30HHaH cTpyicrypa Gbijia oGHapyaceim b cncTeiviax c rnraHTCKHM MarHHToconpoTHB- 
jieHHeM Lai-^Sr^MnOa (xoth cooTBeTCTByiorHHe sKcnepHMeHTajibHbie ^aHHbie He BnojiHe 

OJXH03HaHHbI, CM. o630p [61j). 

IIpH paccMOTpeHHH KHHeTHHecKHx cbohctb IIMO oKa3bmaioTCH Ba>KHbiMH Koppejia- 
irnoHHbie scpcpeKTbi. Kax oGcyac^ajiocb b pa3/iejie 3.1, BCJie/rcTBHe sjieKTpoH-MaraoHHoro 
pacceHHHH b SHepreTHHecKofi iiiejiH hohbjihiotch HeKorepeHTHbie coctohhhh, nosTOMy 
cnHHOBaa nojiHpn3anHH chjibho 3aBHCHT ot TeMnepaTypti. Taxoe 3anojiHeHne iiiejiH Becb- 
Ma Ba>KHO fljia: B03MO>KHbix npHMeHeHHH IIM<J> b cnHHTpoHHKe, cyinecTBeHHO orpaHHHH- 
Bas hx. Macro Hcnojib3yeMbiH no/xxoii,, ocHOBaHHbiii Ha TeopHH CTOHepa h flaroiipM jinnib 
TeMnepaTypHbie nonpaBKH ot onHOHacTHHHbix B036yiK#eHHH, sKcnoHeHirnajibHo Majibie 
npn T < A (A - cnHHOBoe pacrnenjieHne), 0Ka3biBaeTCH b KopHe HeBepHbiM. IIocKOjibKy 
cpeppoMarHHTHbie nojiynpoBOJXHHKH MoryT paccMaTpHBaTbca Kax nacTHbift cjiynaH ilMO, 
HeKorepeHTHbie coctohhhh flOJracHH TaKHce ynHTbraaTbCH b TeopHH chhhobbix jjhohob h 

TpaH3HCTOpOB [61j. 

IIocKOjibKy npn HyjieBofi TeMnepaType b IIMO cyniecTByioT coctohhhh tojibko c 
ohhoh npoeKirneH cnHHa Ha ypoBHe <J>epMH, onHOMaraoHHbie npon;eccbi pacceHHHH b 
cnHH-BOJiHOBofi o6jiacTH TeMnepaTyp 3anpenieHbi h T 2 -njieH b conpoTHBjieHHH 



OTcyTCTByeT. 3to, no-BH/XHMOMy, no^TBepjK^aeTCH 3KcnepHMeHTajibHbiMH n,aHHbiMH no 
yuejibHOMy conpoTHBjieHHio cnjiaBOB Teflcjiepa TMnSb (T = Ni, Co, Pt, Cu, Au) h 
PtMnSn [93J. T 2 -BKjia^bi ot ojxnoMarHOHHbix nponeccoB b ynejibHoe conpoTHBjieHHe no- 
jiyMeTajuiHHecKHx chctcm (T = Ni, Co, Pt) He BbmejiHioTCH, Torn,a Kax 3aBHCHMocTH 
p(T) fljiH «o6biHHoro» (jieppoMaraeTHKa 3HanHTejibHO Kpyne. B cnynae IIMO, Tax ace 
Kax h ji,jih oGbiHHbix (peppoMameTHKOB , npn T < T conpoTHBjieHHe onpe^ejineTca 
^ByxMarHOHHbiMH npoueccaMH pacceHHHH. Ohh npHBonsr k T 7 / 2 -3aBHCHMOCTH conpo- 
THBjieHHH KOTopan B03HHKaeT H3-3a o6panieHHH b Hyjib aMnjiHTyzrbi ajiercrpoH- 
MarnoHHoro pacceHHHH npn HyjieBOM bojihobom BeKTope MamoHa. 

06cyjj,HM Tenepb cnHH-BojiHOBoe conpoTHBjieHHe b pejj,K03eMejibHbix MeTajuiax, koto- 
pbie hbjihiotch cpeppoMameTHKaMH npn hh3khx TeMnepaTypax. H3-3a CHjibHoft aHH30- 
TponnH 3aKOH nncnepcHH cnHHOBbix bojih oTjinnaeTCH ot cjiynan (i-MeTajuioB. CneKTp 
MarHOHOB b peiXK03eMejibHbix 3jieMeHTax conepHCHT rnejib nopH/xKa T* ~ 10 K; b oTcyT- 
cTBHe aHH30TponHH b 6a3HCHoii njiocKocTH HMeeM jiHHeliHoe noBejj,eHHe w q ~ q. III,ejib 
npHBO^HT k noHBjieHHio 3KcnoHeHii;HajibHoro mhohchtcjih exp (— T*/T) b MarHHTHOM co- 

IipOTHB JieHHH . ^JIH JIHHeHHOrO 3aKOHa ^HCnepCHH B03HHKaeT 3aBHCHMOCTb p ~ T 4 BMeCTO 
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T 2 , nocKOJibKy KaJK^aa CTeneHb q ^aeT npn HHTerpnpoBaHnn MHOxcnTejib T/Tq (bmccto 
(T ' /Tq) 1 / 2 npn w q ~ g 2 ). IIocjie^HHH pe3yjibraT no^TBepjK^eH SKcnepnMeHTajibHOH 3aBH- 
chmoctbk) p ~ T 3,7 fljia ra^ojiHHHa b ^nana30He TeMnepaTyp 4 — 20 K |95j . 

Hcnojib3y5i (popMyjiy Ky6o c raMHjibTOHnaHOM s — d Mo^ejiH (179|) b chhh-bojihoboh 
o6jiacTH, nojiynaeM rjiz HH3KOTeMnepaTypHoro MaranTHoro yuejibHoro conpoTHBjieHns: 
aHTHcpeppoMarHHTHBix MeTajuioB 

p = ^2/ 2 Se 2 J^K - < +q ) V(l - ^ k+q )[iV q K + ^ q ) 2 ) x 
\3xl kq 

X 5(£ k - £ k+q + Wq ) + iVq+qN+Q - ^q+Q) 2 )<^(^k - #k+q + W q+Q )]. (127) 

ConpoTiiBjieHiie npn oneHb hh3khx TeMnepaTypax onpeflejiaeTca BKjia^aMH MajiBix g 
b ( I127p . t. e. nepexo^aMH BHyTpn aHTncpeppoMarHHTHbix no,n;30H. H3-3a jinHenHoro 3aKO- 
Ha ^HcnepcHH MaraoHOB Taxne nepexo^Bi npuBo^sT, KaK h b cnynae sjieKTpoH-cpoHOHHoro 
pacceaHHH, k 3aBncnMOCTn conpoTHBjieHna T 5 . Bjiaro^apa CHHrynspHOCTH KOBCpcpnirneH- 
tob Mf-npeo6pa30BaHH5i BKjia^Bi ot MajiBix |q— Q| (t. e. Me>K30HHBie BKjia,n;bi) , Boo6m;e 
roBopa, 6ojiBine. O^Haxo, KaK n cpeppoMaraeTHKOB, h6bo3mojkho yzjoBjieTBopnTb 
3aKOHy coxpaHeHHH KBa3HHMnyjibca npn q — > Q H3-3a aHTHCpeppoMarHHTHoro pacmen- 
JI6HHSI , TaK hto 3th BKjia^bi 3KcnoHeHHnajibHo MajiBi npn 

T < To = u(q ) ~ (\IS\/E F )Tx, (128) 

r,ne go — 2\IS\/vf — noporoBoe 3HaneHne |q — Q|. (Cjie^yeT oGpaTHTB BHHMaHne Ha to, 
hto rpaHHHHaa TeMnepaTypa He HacTOJibKo Majia, KaK fljia: cpeppoMarneTHKa (I125p . ) Ilpn 
Gojiee BbicoKHx TeMnepaTypax T > Tq Me>K30HHBie BKjia^Bi ,n,aK>T T 2 -noBe^;eHHe yn,ejib- 
hoto conpoTHBjieHHH B ^ByMepHOM cnynae sth BKjia^bi CTaHOBHTCH jiHHenHbiMH no 

T, HTO ^aeT OflHH H3 MexaHH3MOB o6T.5ICHeHH5I XapaKTepHOH 3aBHCHMOCTH p(T) B BblCO- 

KOTeMnepaTypHBix CBepxnpoBO^HHKax. 

3.4 s — / o6MeHHaa Mo^ejib h CBoiicTBa pe^KoseMejibHbix MeTaji- 

JIOB 

KaK oTMenajiocb Bbinie, fljis pe,TK03eMejibHbix MeTajuioB, r,n,e 4/— sjieKTpoHbi xoponio jio- 
KajiH30BaHBi, s — / Mo^ejib Mo>KeT 6biTb ochoboh fljia KOJinnecTBeHHon TeopnH. B naCTHO- 
cth, yace npocTon raMHjibTOHHaH Q79p . KOTopbin ,n;aeT ^ajibHo^encTByioiixee n ocirnjuinpy- 
lomee PKKH-B3anMOfleHCTBne Meac^y /-cnraaMH, no3BOJiaeT onncaTb hx rejiHKon^ajib- 
Hbie CTpyKTypbi. Jlflz ^eTajibHoro paccMOTpeHna MarHHTHbix h sjieKTpoHHbix cbohctb 
Heo6xo^HMa Gojiee peajincTHnecKaH Mo^ejib 4/-MeTajuioB c op6nTajibHbiMn cTeneHHMn 
CBo6oflbi, KOTopaa, b nacTHOCTn, no3BOJiaeT ynecTb MamHTHyro aHH30Tponnio. Mbi o6cy- 
flm TaKyio Mo^ejib, cjie^ya [24], Wl\ I9"B~1 [99] (nMeioTca TaKJKe paGoTbi CB. BoHcoBCKoro 
n M.C. CBnpcKoro no stoh npoGjieMe [100J ) . 

JXjis. GojibniHHCTBa pe^Knx 3eMejib (HCKjnonas Eu n Sm) MaTpnnHbie 3jieMeH- 
Tbi Me>Ky3ejibHoro B3aHMO^encTBH2 Majibi no cpaBHeHHio c paccTOSHHJiMH Meac^y 
LS'J-MyjibTnnjieTaMH, nosTOMy xoponiHM npnGjinaceHneM HBjiaeTca cxeMa CBH3H Pac- 
cejia — CayH^epca. Hcnojib3yH ^jia npocTOTbi npe^cTaBjieHne njiocKnx bojih s-Tnna ^jih 
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SJieKTpOHOB npOBO^HMOCTH, HaXO^HM flJIH S — / raMHJIBTOHHaHa 



«./= E E ■ 

kk'crcr' ^riT27172 



i(k-k')R„ 



7a,kcr 



£r- ! — K 1 -^) 



|r,: — r 

X 



72, kV ) x 



r il4 71 a I / 72 |r2)x i ,(r 1 ,r 2 )cj CCT c k / (T /, (129) 



r ^ e c ka — onepaTopti poac^eHna fljia sjieKTpoHOB npoBo^HMoc™, 7j = {/mj}, I\ = 
{SXJMj}; P ic — onepaTopbi nepecT&HOBKH 3jieKTpoHOB npoBo^nMocrn h jioKajiH30BaH- 
Hbix sjieKTpoHOB. BbinncjieHne MaTpHHHBix 3ji6MeHTOB KpncTajuinnecKoro noTeHnnajia c 
yneTOM pa3Jio>KeHH3 iijiockhx bojih no ccpepunecKHM rapMOHHKaM ^aeT pa^Bi no A, A' c 
•KHHTerpajiaMH Cji3Tepa» 

F$(kk') =e 2 J rfrjRUr^^jyik'n) dr, dr 2 , (130) 

/v 
rlriR^jxik^^R^jxik'r^dndrz, (131) 

r^e I = 3 fljia /— sjieKTpoHOB. MajibiM napaMeTpoM pa3Jio:aceHHs sBjraeTca kpVf ~ 0,2, r^e 
r/ — pa^nyc 4/— ajiercrpoHHoii oGojiohkh. Bo3HHKnine MaTpnnHbie sjieMeHTbi MoryT 6biTb 
BbinncjieHbi c noMombio MeTo^a HenpnBo^HMbix TeH3opHbix onepaTopoB n Bbipa>KeHbi 
nepe3 MaTpnnHbie sjieivreHTbi nojmoro yrjioBoro MOMeHTa J [8]). J\jm njieHa HyjieBoro 
nopaflKa HMeeM 

47T 



W./(00) 



2/ + 



4 ( 



(132) 



r,n;e BBe^eH cpaKTop JlaHfle. 



= 1 | ( LS ) -i | AJ+l)-S(S+l)-L(L + l) 
9 J 2 2J(J + 1) 



npnneM 



S = (<?-1)J, L = (2-^)J, 
HjieHbi Bbicniero nopa^Ka aHH30TponHbi n HMeiOT CTpyKTypy 



(133) 



n T = £ e l(k - k ' )R 'ic k ^^ (134) 



H 7 h = ( A ° 6 ™' + A i(°--' J -) + ^ 2 ([kk']J,)^ + 

i/kk' crcr' 

+ A 3 {(kJ,), (k'J,)} + ^[(kc^kX) + (k / < r aff 0(kJ,)] + 
+ ^[(kowXkJ,) + (kV CTCT 0(kX)]+ 

+ A 6 [(kJ,) 2 + (k'J,) 2 ] + iA 7 {(a aa/ J u ), ([kk'}J u )} + ...), (135) 
r^e {, } — aHTHKOMMyTaTop . HjieHbi c bcktophbimh npon3Be^eHH2MH [k, k'], KOToptie no- 

HBJI5IIOTC5I H3 MaTpilHHBIX SJieMeHTOB Op6HTajIbHBIX MOMeHTOB 3JieKTpOHOB npOBO^HMOCTH 



44 



(l)kk'j onncbiBaioT aHH30TponHoe pacceaHHe sjieicrpoHOB. Taxne njieHbi cooTBeTCTByioT 

CBH3H TOKa SJieKTpOHOB npOBO/XHMOCTH BO BHeillHeM SJieKTpHHeCKOM IlOJie H MOMeHTa 

J h ^,aioT nosTOMy aHOMajibHbift scpcpeKT Xojuia. KoscpcpnirneHT Xojuia nponopnHOHa- 
jieH A(g — 2), hto cooTBeTCTByeT B3aHMo,n,eHCTBHio opGirrajibHbix momchtob sjieKrpoHOB 

C JIOKajIH30BaHHbIMH OpGnTajIbHblMH MOMeHTaMH L. 3Ta KapTHHa OTJIHHaeTCa ot Kap- 

THHbi b <i-MeTajiJiax, r,n;e aHOMajibHbifi scpcpeKT Xojuia B03HHKaeT H3-3a cjia6on cniiH- 
op6HTajibHofl CB33H. JXjis /-sjieKTpoHOB oHa cHjibHa (nopimxa 1 sB), hto no3BOJiHeT pac- 

CMaTpHBaTb TOJIbKO OJXHH J-MyjIbTHnjieT, TaK HTO KOHCTaHTa CnHH-Op6HTajIbHOH CBH3H 

He 6yn;eT hbho bxo^htb b pe3yjibraTbi. 

TaMMjibTOHHaH KocBeHHoro /— / B3aHMo^eHCTBH5i nepe3 sjieKTpoHbi npoBo^HMocTH no- 
jiynaeTca bo btopom nopa/xice no T-i s f- OcHOBHbie BKjia^bi MoryT 6biTb 3anncaHbi b cpop- 
Me [97]: 

Hffiuw) = -h(g - l) 2 (JiJ 2 ) - hD^g - 1) [(JxJ 2 ) - 3( Pl2 J 1 )(p 12 J 2 )/ P y - 

- I 3 nD 3 [(3,32) - 3(p 12 J 2 ) 2 /p 2 2 ] ; (136 ) 

HanGojibinHH njieH stoto pa3Jio:>KeHHH, KOTopbifi nponopnHOHajieH (g — l) 2 , cooTBeTCTBy- 
eT oGbiHHOMy oGMeHHOMy B3aHMo,n,eHCTBHio Meac/xy cnimaMH corjiacHo cpopMyjie >KeH- 
Ha f ll33p . SaBHCHMocTB / — / o6MeHHoro napaMeTpa J e ^ ~ (g — l) 2 Haxo/XHTcn b xoponieM 
corjiacHH c SKcnepHMeHTajiBHbiMH jj;aHHbiMH rjik napaMarHHTHbix TeMnepaTyp Kiopn b 
pH/xy pe^K03eMejibHbix MeTajuioB. Op6nTajibHbie BKjiajjBi b /-/ B3aHMo/ieHCTBHe, nponop- 
u;HOHajibHbie n D 2 , Hcne3aioT npn L = h 3HaHHTejibHo MeHbine. Eme Gojiee Majibifi 
njieH hhcto op6iiTajibHoro B3aHMO,zreHCTBHH nojiynaeTcs bo btopom nopn^Ke no A 2 : 

U' ff { Vl v 2 ) = -h{g - 2) 2 (J 1 J 2 ) = — J 4 (L 1 L 2 ). (137) 

B OTjinnne ot cnnHOBoro oGMeHa, oGMeHHbie B3aHMOflencTBHa b (I136p . KOTopbie onpe- 
flejiaioTCJi op6nTajibHbiMn MOMeHTaMH, cpa3y cTaHOBHTCH aHH30TponHbiMn nocjie yneTa 
aHH30TponnH KpncTajuia. BKjiaiXbi aHH30TponHoro oGMeHa b sHeprnio MamnTHon aHH3o- 
Tponnn paccnnTaHbi b j9jj. nojiHbin pe3yjibTaT fljia reKcaroHajibHoft njioTHO ynaKOBaH- 
hoh penieTKH c napaMeTpaMn c n a HMeeT bh/j; 

£ CT = {K™ + Kl xch ) cos 2 9 + . . . , 

Kf = aj J (j - ^^1,2 ^ - yf V Ki XCh -(9- l)D,J%N{E F ). (138) 

3^;ecb a j — napaMeTp CraBeHca; Z — scptpeKTHBHbiH 3apafl noHa; (r 2 ) — cpe^Hee ot 
KBa^paTa pa^nyca /-oGojiohkh. BbipaaceHna ( I138P ^aioT oneHKH nopa^Ka BejinnnH 
n Kf xch . Tax KaK fljia Ta>Kejibix pe^K03eMejibHbix sjieMeHTOB aj ~ 10 -2 — 10 -3 , nojiynaeM 
Kf ~ 10 7 - 10 8 3 pr/cM 3 . Tor^a D 1 ~ 10" 2 , Tax hto Kf" ch ~ 10 6 - 10 7 spr/cM 3 . 

TaKHM o6pa30M, MarmiTHaa aHH30Tponn3 pe^K03eMejibHbix sjieMeHTOB no BejinnnHe 
Ha oflHH hjih flBa nopa^Ka Gojibnie, neM y HanGojiee cnjibHo aHH30TponHbix reKcaroHajib- 
hmx <i-MarH6THKOB. 3Ta pa3HHn;a ecTb cjie^cTBHe Toro cpaKTa, hto ^jih P3 MamnTHaa 
aHH30Tponn5i onpe^ejiHeTca sjieKTpocTaTnnecKHMn B3aHMo^encTBHHMH KpncTajuiHnecKo- 
ro nojiH hjih oGmchom aHH30TponHoro Tnna, a He cjiaGbiM cnnH-op6HTajibHbiM B3aHMo- 
^eflcTBHeM (pcax y (i-MameTHKOB) . 
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Ta6jiHu,a 1: 3HaneHHH opGnTajiBHoro MOMeHTa h thti MarHHTHoft aHH30TponHH fljia pefl- 
K03eMejit>Ht>ix hohob. a — jierxaa ocb, p — jierxaH htockoctb, c — KyGnnecKaa CTpyKTypa; 
paflHoaKTHBHbrii npoMeTHH He Hccjie^oBaH, ra^ojiHHHii He HMeeT op6HTajiBHoro MOMeHTa 
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Kax noKa3MBaeT cpaBHeHHe c sKcnepHMeHTOM [99J , BKjiafl ot KpHCTajuiHHecKoro nojra, 

BepOHTHO, ^OMHHHpyeT, a aHH30TponHBIH o6MeH BHOCHT TOJIBKO 10 — 20 %. Ha^;e>KHoe 

SKcnepHMeHTajiBHoe onpe^ejieHHe nocjie^Hero HMeeT cbyH^aMeHTajibHbiH HHTepec fljia 

TeopHH oGMeHHblX B3aHMO^eHCTBHH. B OTJIHHHe OT O^HOHOHHOrO MexaHH3Ma KpHCTajI- 
JIHHeCKOrO nOJIH, aHH30TponHBIH o6MeH npHBO^HT K ^ByXHOHHOH aHH30TponHH , Tax HTO 

oh MOJKeT 6biTb Bbi^ejieH Ha ocHOBe 3aBHCHMocTH ot cocTaBa cnjmBa. 

Hto KacaeTca 3Haxa MarHHTHofl aHH30TponHH, 3^;ecb Teopna yrjioBoro MOMeHTa flaeT 
TOHHbie npe^cKa3aHHa. 3HaKH Kax acj, Tax h D\ MeHHioTca npn nepexo^e ot kohcdh- 
rypaiiHH f 3 (/ 10 ) k KOHCpHrypairHH f A (J 11 ) b nepBoii (btopoh) nojioBHHe P3 pa^a, a 
TaKJKe npn nepexo^e ot nepBofl nojioBHHbi ko BTopofl. 3tot MaTeMaraHecKHH pe3yjibTaT 

HMeeT HCHblH CDH3HHeCKHH CMblCJI. MarHHTHaH aHH30TponHH CBH3aHa C BejIHHHHOH H OpH- 

eHTaHHeft op6nTajibHbix komhohcht nojiHbix op6nTajibHbix momchtob b sjiercrpiiHecKOM 
KpHCTajuiHHecKOM nojie. 

KaK BH^HO H3 TaGjIHHBI 1, nOMHMO TpHBHajIBHOH 9JieKTpOHHO-,HbipOHHOH CHMMeTpHH 

b 3HaneHHHX L Mexcfly nepBoft h BTopoft nojioBHHaMH pn^a, HMeeTCH TaioKe chmmctphh 
b npe^ejiax KajK^ofl hojiobhhh, cBH3aHHaa c 3anojiHeHHeM opGnTajibHbix KBaHTOBbix co- 

CTOHHHH. HanpHMep, f 1 - H / 6 -COCTOHHHH HMeiOT O^HO H to ace 3HaneHHe L = 3, H MOTJIO 

6bi noKa3aTbca, hto aHH30TponHH ^;oji>KHa Taxace 6biTb o^HHaKOBofl. O^HaKo cjie^y- 
eT npHHHTb bo BHHMaHHe, hto L(f l ) — yrjioBoft MOMeHT o,n,Horo sjieKTpoHa, Tor^a Kax 
L(/ 6 ) — op6HTajibHbifl MOMeHT ^bipKH b ccpepHHecKoft KOH(pHrypaH,HH f 7 , xapaKTepH3y- 
eMoii BejiHHHHoii L = 0. TaKHM o6pa30M, aHH30TponHH sjieKTpHnecKoro 3apn^;a 6yn,eT 

npOTHBOnOJIOJKHOH flJIH KOHCpHrypaHHH f l H / 6 . 

3.5 34)(J)eKT Koh/],o 

3cbcpeKT Koh^o BnepBbie o6cy>K^ajicH b cbh3h c npo6jieMOH MHHHMyMa ajiercrpoconpo- 
THBjieHHH b pa36aBjieHHbix cnjiaBax nepexo^Hbix MeTajuioB |69]. J^sone b «hhctbix» 06- 
pa3H,ax Me^H, 30JioTa h hkhkb. Ha6jno,n,ajiocb yBejinneHHe conpoTHBjieHHsi npn TeMnepaTy- 
pax HH>Ke 10 — 20 K. 3KcnepHMeHTajibHo ycTaHOB jieHo , hto sto HBjieHHe chjibho cBH3aHo 
c npncyTCTBHeM Majioro KOJinnecTBa (10~ 2 — 10 -3 %) npHMeceft nepexo^Htix MeTajuioB 
(Cr, Fe, Mn), KOTopbie coxpaHHioT MarHHTHBifi momcht b MaTpnue npocToro MeTajuia. Ta- 

KOH CHJIBHBIH 3(p(beKT HejIB3H oGtHCHHTB B npOCTBIX OflH03JieKTpOHHBIX npHGjIHJKeHHHX 

fljiH npHMecHoro 3jieKTpoconpoTHBjieHH5i. Koh^o noKa3aji, hto b TpeTteM nopa^Ke Teo- 
pHH B03MymeHHH S — d o6MeHHOe B3aHMO^eHCTBHe SJieKTpOHOB npOBO^HMOCTH C JIOKajIH- 
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30b&hh£>imh MOMeHTaMH npnBOJXHT k CHHryjiHpHon nonpaBKe BH^a In T K COnpOTHBJieHHIO 
BCJieflCTBHe MHoronacTHHHBix scpcpeKTOB (cpepMHeBCKofl cTaTHCTHKn). Ilocjie oGte^HHe- 

HH3 C 06BIHHBIM HII3KOT6MIiepaTypHBIM BKJiaflOM T 5 , BbI3BaHHBIM 3JieKTpOH-(pOHOHHBIM 

pacceHHHeM, 3Ta nonpaBKa npnBOJXHT k MHHHMyMy conpoTHBjieHHH. MHHHMH3Hpya bbi- 
paaceHHe p = AclnT + BT 5 , r^e c — KOHireHTpanHH npnMeceft, nojiynaeM T min ~ c 1 / 5 , 
t. e. oneHb cjia6yio 3aBHcnMocTB ot c. 

LTpn oneHb hh3khx TeMnepaTypax yBejinneHne conpoTHBjieHHH no^aBjiaeTca MaraHT- 
HbiM ynopjmoneHneM npnMeceft, KOTopoe o6ycjiOBjieHO ^ajiBHO^eficTByiomHM PKKH- 
B3anMo^elicTBHeM (b ynopH/jpneHHoft (pa3e opneHTannH ciihhob cpHKcnpyeTcs h paccea- 
Hiie CTaHOBHTca HescpcpeKTHBHo). <i-npHMeceft jiorapncpMHHecKan nonpaBKa TpeTbero 
nopa^Ka b GojiBinnHCTBe cjiynaeB 0Ka3biBaeTCH jj;ocTaTOHHoft rjiz Toro, htoGbi onncaTb 
SKcnepHMeHTajiBHBie jj;aHHbie, a BKjia/jBi Gojiee bbicokhx nopn^KOB Teopnn B03Mym;eHHft 
Majibi BnjioTB ,a,o TeMnepaTypti MarHHTHoro ynopHjjpneHHH momchtob npHMecefl. BMecTe 
c TeM, pe^K03eMejiBHBie npnMecn (HanpnMep Ce, Yb, Sm, Tm b MaTpnn;ax Y hjih La) 
MoryT paccMaTpnBaTBca kbr H30JinpoBaHHBie floc~ 1 %; ^aace npn 6ojiBninx KOHneHTpa- 
hhhx B3aHMo^eflcTBne Me>Kixy hhmh He o6s3aTejibHo npHBOjjHT k o6biHHOMy MarHHTHOMy 
ynopH^oneHHio, nocKOJitKy nponcxo/XHT cpopMnpoBaHHe «njioTHBix» KOHflo-cncTeM |77| . 
Torjxa B03HHKaeT npo6jieMa TOHHoro yneTa MHorosjieKTpoHHbix scbcbeKTOB, o6ycjioBjieH- 
Hbix s — d(f) o6MeHHbiM B3anMo^eflcTBneM npn hh3khx TeMnepaTypax. 3to h ecTB npo- 
GjieMa Koh^o, cBirpaBniaa ctojib Gojitniyio pojiB b TeopeTnnecKofl cpH3HKe . 

B flajiBHeflnieM 6bijih paccMOTpeHBi pa3JinnHbie o6o6ineHHa: 3a^ann Koh,h;o Ha cjiynafl 

B3aHMO^eflCTBH5I 3JieKTpOHOB npOBOflHMOCTH C pa3JIHHHBIMH /XByxypOBHeBBIMH CHCTeMa- 
MH, TyHHejIBHBIMH COCTOHHHHMH, CHJIBHO aHrapMOHHHeCKHMH (DOHOHaMH, 3apH^OBBIMH 

CTeneHHMH cbo6o^bi (cm., Hanp., |101[ 1102] ). <DopMajibHo Taxne cncTeMBi onncBiBaioTCH 
nceB^o- cnHHOBBiMH raMHjiBTOHHaHaMH , Tax hto Teopna B03MyineHnft npHBO^HT k jiora- 

pHCDMHHeCKHM paCXOJXHMOCTSM. 

CyMMHpoBaHHe rjiaBHtrx jiorapncbMHnecKnx njieHOB b conpoTHBjieHHH ^aeT [69j 



Ps d = pf] (l + 2Ip In ¥pj ,p = N(E F ). (139) 

B cjiynae «cbeppoMarHHTHoro» s — d oGMeHa I > sto «napKeTHoe» npnGjinxceHHe /xaeT 
nojmoe penieHHe npoGjieMbi Koh^o. O/XHaKo b 6ojiee BaxcHOM cjiynae / < (HanpnMep, 
fljiH MarHHTHBix npHMecefl b GjiaropojjHbix MeTajuiax, xor^a scbcbeKTHBHBifi s — d o6mch 
HMeeT rn6pH^H3aH,HOHHyio npnpoixy) Taxoe npnGjinaceHne npnBOJXHT k pacxo/XHMOCTH co- 
npoTHBjieHHH npn TeMnepaType 

T K = ^exp^-, (140) 

KOTopaa Ha3BiBaeTCH TeMnepaTypoft Kohjj,o. 3Ta BejinnnHa coBna^aeT c nojnocoM co6- 
CTBeHHofl sHeprnn (|92p . 

B oTjinnne ot kphthhcckoh TeMnepaTypbi cpeppoMarHeTHKa hjih CBepxnpoBOflHHKa, 
TeMnepaTypa Kohjj;o cooTBeTCTByeT He cba30BOMy nepexo/xy, a tojibko xapaKTepHOMy 
SHepreTnnecKOMy MacniTaGy KpoccoBepa Me>Kjj;y bbicoko- h HH3KOTeMnepaTypHBiMH 06- 
jiacTHMH. PaccMOTpeHHe oGjiacTH T < Tk — oneHB Tpyja;HaH h KpacnBan MaTeMaranecKaH 
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npo6jieMa. Cjiyiaft T <C Tk Hccne^oBaH b paMKax cpeHOMeHOJiorHHecKofl Teopnn (pepMH- 
jkh^kocth p.09J h MeTo^oB aHajiHTHHecKofl peHopMajiH3au,HOHHofl rpynnti |11U[ 1111] . 
HiicjieHHoe penreHiie nojiyneHo Bhjibcohom c iicnojiB30BaHiieM MeTo^a peHopMajiH3airii- 
ohhoh rpynnti [72] . HaKOHeii;, b HeKOTopbix ynpo^aioiHHX npnGjinxceHHax (xoTopBie cbo- 
^ht sa^any k o^HOMy H3MepeHHio) AH^peeM h BnrMaHOM Gbijio npe^jiosceHo TOHHoe 
peineHHe cflHonpiiMecHOH s — d Mo^ejrn c HcnojiB30BaHiieM no^cTaHOBKH BeTe |103[ 173] . 
HMeioTCH TaKJKe noriBiTKH nojiynnTB aHajiHTHnecKoe ormcaHHe pejKHMa chjibhoh cbh3h 
^narpaMMHbiMH MeTo^aMH [104J . 

OKa3tiBaeTC5i, hto npn T — > scpcpeKTHBHoe (nepeHopMiipoBaHHoe) s — d B3aHMO^efi- 

CTBHe CTaHOBHTCH GeCKOHeHHO CHJIbHbIM, TaK HTO npilMeCHBlft MarHHTHBIH MOMeHT noji- 

hoctbk) KOMneHcnpyeTca (sKpaHnpyeTca) sjieKTpoHaMH npoBCflHMOCTH. CTporo roBopa, 
b oGbihhoh s—d Mo^ejiH c HyneBBiM op6iiTajiBHBiM momchtom (179]) Taxaa KOMneHcauiia: 
HMeeT MecTo tojibko fljia: S = 1/2, a fljia npoH3BOJibHoro S scpcpeKT Koh,h;o npuBo^nT 
k yMeHBineHHio npuMecHoro cnnHa: S — > S — 1/2 jlllj . O^Haxo b peajiBHoft cHTyauiffl 

BBipOJK^eHHBIX 3JieKTpOHHBIX 30H HHCJIO «KaHajIOB paCCeaHH5I» flJIS SJieKTpOHOB npoBo- 

^hmocth ^ocTaTOHHo, hto6bi oGecnenHTB 3KpaHnpoBaHne . ^Jia pe^K03eMejibHbix cucTeM 
6ojiee npaBHjibHo npuMeHHTB Mo^ejib KoGjiHHa-LQpncpcpepa (184"]) . b KOTopofi HMeeM 



Tk = Wgxp nT' (141) 

3(pcpeKTBi KpHCTajiJiHHecKoro nana MoryT npiiBo^iiTB k pa^y KpoccoBepoB (cMeH noBe- 
^eHna) c noHHJKeHHeM TeMnepaTypBi h nocjie^OBaTejiBHBiM chhthcm BbipoJK^eHHH; npii 
9tom MeHHeTCH h BBip axceHiie fljiH TeMnepaTypti Koh,zi;o. 

npoii^a nepe3 TeMnepaTypy Koh^o, conpoTiiBjieHHe CTpeMHTca npii T — > k KOHeH- 
HOMy yHHTapHOMy npe^ejiy (kotopbih cooTBeTCTByeT MaKCHMajiBHO B03MO>KHOMy cpa- 
30BOMy c^BHry tt/2), npnieM nonpaBKH npn hh3koh TeMnepaType nponopuHOHajiBHBi 
(T/T K ) 2 [691 ESI: 

fti = l(^e)-(l-^ + (g 4 ). (142) 

YflejibHaa TenjioeMKocTb cncTeMbi HMeeT MaKciiMyM npn T ~ Tk h Be^eT ce6a jiHHeftHo 
npn T — >■ 0: 

c ^ = f|( 1+ °© 2 )< < 143 > 

hto HanoMHHaeT oGbiHHoe BBipaxceHne fljia sjieKTpoHHoft TenjioeMKocra c 3aMeHofl E-p — )■ 
vrT K . 

MarHHTHaa SHTponna npn T = 0, paBHaa 5(0) = Rln (2S + 1), ycTpaHaeTca BCJiefl- 
CTBHe 3KpaHHpoBaHHH MarHHTHoro MOMeHTa, a He MaranTHoro ynopa^oHeHHH. MarHHT- 

Ha2 BOCnpHHMHHBOCTB 

^eMOHCTpHpyeT nayjineBCKoe noBe^eHne (b oTjinnne ot 3aKOHa Kiopn npn T > Tk) h 
3HaHHTejiBHo ycHJieHa, Tax >Ke xax h TenjioeMKocTb. ^aHHBie pe3yjiBTaTBi MoryT 6bitb 
ormcaHBi b TepMHHax y3Koro MHoronacTKHHoro pe30HaHca A6pHKocoBa — Cyjia Ha ypoBHe 



^w 1 - ^" (144) 
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OepMH c ninpHHon nopH,HKa Tk h bbicotoh nopn^Ka 1/Tk, Tax hto Tk nrpaeT pojib 3(p- 
cpeKTHBHofl TeMnepaTypbi Bbipoac^eHHa. TaKHM o6pa30M, cpopMnpyeTca HOBoe cpepMn- 
jKH^KocTHoe cocToaHHe, hto conpoBOJKnaeTcs: 6ojibihhmh MHorosjieKTpoHHBiMH nepeHop- 

MHpOBKaMH . 

HHTepnojiHirnoHHyio cpopMyjiy h,jih x{T) mojkho 3anncaTB b cpopMe 3aKOHa Kiopn— 
Beiicca c OTpnnaTejiBHOH napaMaranTHOH TeMnepaTypoii Kiopn \6\ ~ Tk. B btoh CBH3H 
otm6thm, hto pa3HHHa Mejicny npuMecsMH nepexonHBix MeTajuioB, KOTopBie coxpaHHioT 
MarHHTHBifl MOMeHT b ^aHHOM o6pa3H,e, h HeMarHHTHBiMH npHMecHMH HMeeT no 6ojib- 
inoMy cneTy He KaiecTBeHHBiii , a KOJiHHecTBeHHBin xapaicrep. Bo btopom cjiynae mojkho 
CHHTaTb, hto Tk BbicoKa — nopnnKa 10 2 — 10 4 K, hto HHorn,a BBiine, neM tohkb, njiaBjieHnn 
(b cjiynae oGbihhoh naynneBCKon BocnpnnMHHBocTn Tk — > Ep). IIonpGHBie paccyxcflemia: 
MoryT npHMeHHTBca k hhctbim BemecTBaM, rn,e jioKajibHBie MaranTHBie momchtbi npn 
hh3khx TeMnepaTypax He cymecTByioT (xoth KOHKpeTHbie TeopeTnnecKne MOflejiH mo- 
ryT 6bitb BecBMa pa3jmHHbi) . /Jjih ycnjieHHbix nayjineBCKnx napaMarHeTHKOB Tnna Pd, 
Pt, UAI2, rn,e npn bbicokhx TeMnepaTypax BBinojmseTca 3aKOH Kiopn— Beiicca, bmccto 
TeMnepaTypbi Kohho bbohht Tax Ha3BiBaeMyio TeMnepaTypy cnnHOBtix dpjiyKryannn. 

AjibTepHaTHBHoe onncaHne scpcpeicra Kohhp mojkct 6biTb n,aHo b Mon,ejin penieTKH 
AHnepcoHa. IIpeHe6peraH cnnH-op6nTajibHbiM B3anMonencTBHeM, hto pa3yMHO fljia ne- 
pexonHBix MeTajuioB n hx coennHeHnn, 3annnieM ee raMnjibTOHnaH b Bnne 



rn,e Hq — raMnjibTOHnaH BHyTpny3ejibHoro B3anMoneHCTBHH Mexcny d — sjieKTpoHaMH. 
/Jjih npocTOTbi 6yn,eM onncbiBaeM coctohhhh 3jieKTpoHOB npoBonnMocTn njiocKHMH boji- 
HaMH. Hcnojib3yH pa3Jio>KeHHe no ccpepnHecKHM rapMOHnxaM, nojiynaeM hjih MaTpHHHoro 
sjieMeHTa rnGpHnnsannn 



rn,e v(r) — ccpepnnecKn cnMMeTpHHHbiii noTeHirnaji rjik n,aHHoro y3Jia. B npenejie 
jj-CBH3H (coe^HHeHHH aKTHHH^OB) Hy>KHO noncTaBHTb b f !145|) Imo — > jfi, rne j = 
I ± 1/2 — nojiHbiH MOMeHT 3jieKTpoHOB, a fi — ero npoeKHnn. 

B cjiynae cnjibHbix KoppejiHirnn h,jih d— BJieKTpoHOB yap6Ho nepeftTn k npen,cTaBjie- 
hhio onepaTopoB Xa66apn,a, KOTopoe npnBonnT "H K fluaroHajibHOMy Bnny (cm. (I59"j) ). 
CoxpaHHH flBa HH3mnx TepMa T n = {SL}, T n _i = {S'L'} h,jih KOHcpnrypannn d n n d n ~ l 
cjienyn (123|) . onpen,ejiHH HOBbie 3jieKTpoHHbie onepaTopbi npoBonnMocTn 




(145) 




(146) 




(147) 



c, 



,1 



,t 



npe^cTaBjiHeM raMnjibTOHnaH f)145p b cpopMe 




(148) 



kcr 
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r^e 



n = A ^ Adma^mtJ + Const, A = E SL - E&jj 
\draa 

3cJ)4)eKTHBHL»ie rH6pH^H3an;HOHHbie napaMeTpbi ^aioTca cpopMyjiofl 

v l (k)=n l / 2 G s s: L :L _v l (k). 



(149) 



(150) 



Tenepb oGcyzniM pe^K03eMejit>Hbie cHereMBi. Bcjie^cTBne cnjiBHoro KyjioHOBCKoro B3an- 
Mo^eHCTBira MeJK^y 4/-3jieKTpoHaMH o6pa30BaHiie /-30H, coflepacamux 14 sjieKTpoHHBix 

COCTOHHHH, HepeajIHCTHHHO. TaKHM o6pa30M, Hy>KHO HCnOJIB30BaTB MO^ejIB C flByMS KOH- 

(pHrypau,HaMH f n h s(d)f n ~ l , hto cooTBeTCTByeT flejioKajiH3au;HH o^Horo ajiercrpoHa Ha 
aTOMe. B cxeMe Paccejia — Cayimepca mojkho orpaHHHHTBca ^ByMH hh3ihhmh MyjibTiinjie- 
TaMii 4/-noHa: T n = SLJ h T n _! = S'L'J'. Ilepexo^a b ( I145p . (123 p k J-npe^;cTaBjieHHio 
h cyMMnpya npoH3Be^eHH5i KoscpcpnuiieHTOB KjieGina— rop^aHa, nojiynuM 



n = Yl [ A /kj>^M + t^U^w + ^( k )( c lj„hj^ + h. c.) 



kj> 



3^ecB BBe^eHBi hobbi6 sjieKTpoHHBie onepaTopBi 



:i5r 



ko-' 



(152) 



MjM, 



a 3(p(p6KTHBHBie rH6pn^H3auHOHHBie napaMeTpBi BBip a>KeHBi nepe3 9j-chmbojibi: 

S L J 

v 3 (k) = { S> V J')m[m\) l ' 2 Gfu<k). 
1/2 I j 



(153) 



r,n,e [J] = (2 J+l). Cjie^oBaTejiBHo, rH6pH^H3an;HOHHBie scpcpeKTBi b M3 cuereMax chjibho 

3aBHC5?T OT M3 KBaHTOBBIX HHCejI S, L, J H aTOMHBIX HOMepOB |112j . TaKaH 3aBHCHMOCTb 

b pe,ri,K03eMejibHOM pa^e no^oGim KoppejiHUHH >KeHHa fljis s — / oGMemioro napaMeTpa 
h napaMarHHTHofl TeMnepaTypBi Kiopn. SKcnepiiMeHTajiBHBie Hccjie^oBaHHa stoh 3aBH- 
chmocth, HanpHMep cneKTpocKoniiHecKiie flaHHBie, npeflCTaBjiaioT 6ojibiiioh HHTepec. 

PaccMOTpHM aHTHKOMMyTaTopHyio 3ana3^BiBaioiri;yio cpyHKunio TpHHa rjik jioKajiH30- 
BaHHBix d— sjieKTpoHOB ( l4"8j) b HeMarHHTHofi cpa3e Mo^ejiH (I145p . npocTefiniee pacu,enjie- 
HHe ,n;aeT (cp. |113[ 1105) ) 



Wx 



kim 



21 "I 



E-t k 



(154) 



r,n;e cpyHKuiia: $ onpe^ejieHa b ( I49|) . CooTBeTCTByronniii sHepreraHecKHH cneKTp co^ep- 
jkht cHCTeMy no^30H, pa3^;ejieHHBix rn6pn^H3auiioHHBiMH mejiaMH (hjih nceB^omejiaMii 
b cjiynae, Kor^a V(k) ncnesaeT fljin HexoTopBix k), KOTopBie oKpyxceHBi nHKaMH njioT- 

HOCTH COCTOHHHH. B MO^ejIH C CHJIBHBIMH KOppejIilUHHMH (I150P HMeeM 



E 



1,2 



1 



(tk + A) ± 



'1 



(t k - A) 2 + |Vi 



kim 



(155) 
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r^e 



kim 



[S][L] 
2[l] 



(N SL + N S >L>) 



1/2 



(156) 



Jlerxo BH^eTb, hto niiipiiHa rH6pH^H3airHOHHOH mejiH 2bho 3aBHCHT ot MHorosjieKrpoH- 

HblX HHCejI 3anOJIHeHH5I (b laCTHOCTH, OT nOJIOJKeHHil C?-ypOBH5l). 

IlpH6jiH>KeHHe f)154p He ynnTbiBaeT nporjeccoB c nepeBopoTOM cnHHa, KOTopBie npuBo- 
j\wt k scpcpeKTy KoHflo h MoryT cymecTBeHHO H3MeH5iTB CTpyKrypy 3jieKTpoHHoro cnex- 
Tpa b6jih3h ypoBHa OepMii. Hto6bi yneerb koh^obckhc aHOMajmii, cjie^yeT bbiiiojihhtb 
Gojiee TOHHBie BbmncjieHns (pyHKirHft TpHHa. JXjis KpaTKocTH paccMOTpuM Mo^ejiB (I15ip ; 
b Mo^ejiH (1 148)) [J] — > [S][L], Vj — > vi. B ypaBHeHHHx ^BUJKeHns ,n,jia (pyHKi^nfl TpHHa f— 
sjieKTpoHOB npn KOMMyTupoBaHiiii X-onepaTopoB h pacuenjieHHH bo btopom nopa^Ke no 
rH6pH^H3an;HH B03HHKHyT (pepMneBCKne cpyHKUHH pacnpe^ejieHna sjieKTpoHOB npoBO^H- 
mocth. BBinojiHsa HHTerpnpoBaHHe, nojiynuM jiorapHcpMHiecKHft BKjia,n, b coGcTBemiyio 
SHepraio 



j 



J- J' 



[J'} 



In 



W 



E 



(157) 



PaccMOTpeHHBiM BBiine bjihshhgm rH6pH^H3an;HOHHOH mejiH mojkho npeHe6peTb, ecjin 
oHa jieacHT HaMHoro Huace ypoBHa OepMH. Tor^a npn J > J' (pyHKUHs: TpHHa /— 
3JieKTpOHOB HMeeT nojiioc 



|A*| = T K ss Wexp 



[A 



IAI 



E*> 



-i 



(15* 



06bihhbih scpcpeKT Koh^o cooTBeTCTByeT nojiHoft KOMneHcainm MarniiTHoro MOMeHTa 
(J 7 = 0). Ilpii J' > J nojiioc (I158p OTcyTCTByeT (pe>KHM chjibhoh cbji3h He B03HHKa- 
eT), Tax xaK paccMaTpuBaeMaa Mo^ejiB nepexo^HT b mo^jib KoGjiHHa— Illpncpcpepa c 
nojiojKHTejiBHBiM oGmchhbim napaMeTpoM. Ilpn J' = pe3yjiBTaT (j!58j) OTjiHHaeTCH ot 
pe3yjiBTaTa TeopHH B03MymeHHH npn bbicokhx TeMnepaTypax (I14ip TOJibKo e^HHiiueft b 
3HaMeHaTejie noKa3aTeji2 cTeneHH. Taxaa pa3Him,a THnnnHa fljia BbiHHcneHHs TeMnepaTy- 
pBi KoFmo b BBipoac^eHHofi Mo^ejiH AimepcoHa h o6T.HCHHeTca TeM, hto Hcnojib30BaHHBiH 
no^xofl onpaB^aH, CTporo roBops, TOJibKo b npe^ejie 6ojibhihx N. 



3.6 CBOHCTBa aHOMaJIbHblX /-COe^HHeHHH 

06cy^HM TenepB noBe^eHHe HeKOTopBix KjiaccoB 4/- h 5/-coe^HHeHHH, KOTopBie HMe- 
iot aHOMajiBHBie sjieKTpoHHBie cBoficTBa. K hhm othochtch Tax Ha3BiBaeMBie penieTKH 

KOH^O, CHCTeMBI C npOMeJKyTOHHOH BajieHTHOCTbK) H THJKejIblMH (pepMHOHaMH. B HeM- 
TO nOXOJKHe (|)H3HHeCKHe CBOHCTBa npOHBJIHIOT H HeKOTOpbie rf-CHCTeMbl, B HaCTHOCTH, 

Me^b-KHCJiopo^Hbie BbicoKOTeMnepaTypHbie CBepxnpoBO^HHKH, r^e HMeioT MecTO chjib- 

Hbie 3(p(peKTbI KOppejIHUHH B njIOCKOCT3X Cu02- 

Han6ojiee 3K30THHecKHe CBoficTBa xapaKTepHbi fljiH coeflUHemiii c TaacejibiMH cpep- 

MHOHaMH. OHH o6jia,HaiOT rHraHTCKHMH 3HaHeHHHMH SCpCpeKTHBHOfl SJieKTpOHHOfi Maccbi, 

hto HanGojiee apKO npoHBjiaeTca b orpoMHOM 3HaHeHHH K03(pcpHii;HeHTa npn jihhchhom 
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njieHe b TenjioeMKocTH. Hcckojibko npoH3BOJit>Ho onpe,nejiHH TnncejiocpepMHOHHBie cncTe- 
mbi, oGbihho nojiaraioT rpaHHHHoe 3HaneHHe 7 paBHBiM 400 m/Jjk/ (mojib-K 2 ). KpoMe toto, 
Ha6jnon,aioTCH 6ojiBniaa napaMarHHTHan bochphhmhhboctb npn hh3khx TeMnepaTypax h 

60JIBHIOH K03(p(pHHHeHT npH T 2 -HJieHe B COnpOTHBJieHHH . 

AHOMajIBHBie pe^K03eMejIBHBie H aKTHHHnHbie COenHHeHHH oGblHHO KJiaCCHCpHHHpyiOT- 

cs KaK KotmeHTpupoBaHHBie KOHflO-CHCTeMBi, hjih penieTKH KoHnp, Tax KaK o6pa30BaHne 
HH3KOT6MnepaTypHoro coctohhhh Koh,h;o flaeT HanGojiee ecTecTBeHHoe oGT-HCHemie hx 
Heo6BiHHBix cbohctb (xoth bo3mo>khbi h npyrne MexaHH3MBi, cm., Hanp., [105| 1108] ). /fyia 
6ojiBniHHCTBa TaKnx coenimeHHH HMeeTca In T-BKjiafl b conpoTHBjieHiie npn bbicokhx 
TeMnepaTypax, ho ohh HMeioT MeTajuinnecKoe ocHOBHoe coctohhhc c p(T — > 0) ~ T 2 . 
0,nnaKo H3BecTHBi h npHMepBi HenpoBonHuxHx penieTOK Koh,ii;o. B nacTHocTH, cncTeMa 
CeNiSn o6jian,aeT npn hh3khx TeMnepaTypax npe3BBinanHo Majioii sHepreTnnecKon m,e- 
jibk) nopnnKa HecKOJiBKnx rpanycoB, npnneM nacTHHHan 3aMeHa Ni Ha Cu npHBO^HT k 
THJKejiocpepMHOHHOMy MeTajuinnecKOMy noBe^eHnio. 

KapTHHa h3oji5itophoh penieTKH Koh,h;o ncnojiB3yeTC2 HHorna fljia y3KoinejieBbix no- 
jrynpoBo^HHKOB c npoMeacyTOHHon BajieHTHocTbio SmB 6 , SmS (30jioTan (pa3a) [77]. 06- 
pa30BaHne HenpoBonHiu;ero coctohhhh Koh^o mohcct 6bitb onncaHo b TepMHHax Kore- 
peHTHoro paccesiHHJi Kohh,o, Korn,a pe30HaHc A6pnKocoBa — Cyjia TpaHccpopMHpyeTCH b 
y3Kyro MHorosjieKTpoHHyio mejiB. 

IIomhmo TeMnepaTypBi KoHnp, bbohht HHorn,a BTopofi SHepreTnnecKHH MacnrraG — 
TeMnepaTypy KorepeHTHOCTH T co h, KOTopan cooTBeTCTByeT nepexony k KorepeHTHOMy 
KOH^oBCKOMy pacceHmno pa3JiHHHBiMH y3JiaMH penieTKH. OHa o6binHo Majia no cpaBHe- 
hhk) c Tk- HMeHHo KapTHHa o6pa30BaHHH KorepeHTHoro coctohhhh no3BOJiaeT o6t>hchhtb 
SKcnepHMeHTajiBHBie n,aHHBie no HH3KOTeMnepaTypHBiM aHOMajiHHM TepMosnc b cncTeMax 
c THJKejiBiMH cpepMHOHaMH [77]. C yMeHBiueHHeM T HH>Ke BBicoKOTeMnepaTypHoro bkc- 
TpeMyMa a(T) nacTo H3MeHHeT 3HaK, cHOBa HMeeT 3KCTpeMyM h jihhchho Hcne3aeT npn 
T — > 0. TaKoe noBen,eHHe mojkho o6t>hchtb noHBjieHneM nceB^oni;ejiH c H3MeHeHHeM 3HaKa 
BejiHHHHBi dN(E)/dE Ha ypoBHe OepMH, KOTopan onpenejineT 3HaK a(T). KpoMe toto, 
cpopMHpoBaHHe KorepeHTHoro coctohhhh npHBonHT k nojioncHTejiBHOMy MarnHTOconpo- 
THBjieHHio h pe3KOMy OTpnnaTejiBHOMy nHKy b K03(pcpHHHeHTe XojiJia. 

OnncaHne KpoccoBepa Mencny KorepeHTHBiM h HeKorepeHTHBiM pencnMOM npoBonnjiocB 
b paMKax Mo^H(pHu;HpoBaHHOH SU(A/")-Mo^;ejiH AH^epcoHa (183|) |114] . TeMnepaTypHan 
3aBHCHMocTB 3(pcpeKTHBHoro napaMeTpa rH6pnnH3anHH 6Bijia nojiyneHa b cpopMe 



c TeMnepaTypoH KorepeHTHOCTH T co h = Tk/lniV. 

PaccMOTpHM npoHBjieHHH scpcpeKTa KoHflo h,jih nepHoniinecKOH penieTKH jioKajiH3o- 
BaHHBix /-MOMeHTOB b paMKax s — / oGmchhoh Mo^ejiH (179"]) . 3tot cjiynafi oTjinnaeTcn ot 
cjiynan o^hhohhoh kohhobckoh npHMecn npncyTCTBHeM Me»cy3ejiBHBix oGmchhbix B3an- 

MOHeHCTBHH H, CJie^OBaTejIBHO, CnHHOBOH flHHaMHKH, KOTOpaH npHBO^HT K OCJiaGjieHHK) 

o6bihhbix koh^obckhx pacxo^HMocTefl, a TaKHce k hckotopbim hobbim scpcpeKTaM. C stoh 



Kl ~ (b\bi) 




T T coh , 
T coh < T < T K 



(159) 
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n,ejibio mojkho o6o6m;HTt> pe3yjibraT (( |92|) . yHHTbiBaa b 3HepreTHHecKHx 3HaMeHaTejiHx 
nacTOTti cnnHOBbix cpjiyKTyau,Hfi. Taxoe BbiHHCJieHHe BKjia^a BToporo nopa^Ka b sjiex- 
TpoHHyio co6cTBeHHyio SHeprnio ^aeT [106J 

r^e Kq(oj) — cneKTpajibHaa njioTHocTB no^cncTeMbi jioKajiH30BaHHbix chhhob, 

Kq(u) = ~iV B (w)ImXqw, = «S q |S_q)) w , ImXdLo = - Imxa-Lu- (161) 

7T 

TaKHM 06pa30M, npH HajIHHHH CnHHOBOH flHHaMHKH paCXO^HMOCTH KOH^OBCKOrO rana B 
CoGcTBeHHOH SHeprHH B03HHKaiOT y>Ke BO BTOpOM nopH^KC OopMajIBHO OHH CBH3aHbI c 

cpyHKHHeii OepMH: 

y " k+q _ ^pln - , (162) 

/ — ' — tk+q ± w max T, u\ 

TRe UJ — xapaKTepHaa HacroTa ciihhobbix cpjiyKTyauHH. B KjiaccHnecKOM npe^ejie w<T 
HMeeM Kq(u) = Kq(—u)) = — -(T/oS) Imx qw , Tax hto HjieHbi c (pyHKUHHMH OepMH co- 

KpamaiOTCil. OflHaKO B KBaHTOBOM CJiy^ae £(-5) pe3KO H3MeHSieTC5I B OKpeCTHOCTH E-p 

c hihphhoh UJ, hto Be^eT k 3aMeTHOH nepeHopMHpoBKe BbineTa cpyHKHHH TpHHa Z h, 
cjie,ri,OBaTejibHo, sjieKTpoHHoft 3(p(p6KTHBHOH MaccBi m* h yzjejibHoft TenjioeMKocTH. 3th 
nepeHopMHpoBKH o6painaioTCH b Hynb npn T 3> UJ. B lacTHocTH, pe3yjibTaT (I160p c 
/ — > U ^aeT cnHH-(pjiyKTyan;HOHHyio (napaMarHOHHyio) nepeHopMHpoBKy b Mo^ejiH Xa6- 
6ap^a |115| . 

BBipaaceHHa, no^;o6HBie (I160p . mojkho nojiyiHTB b ^pyrnx cirryauHJix. ^Jia 

K^u) ~ [1 - /(A cf )]5(w + A cf ) + /(A cf )5(u; - A cf ) (163) 

CpOpMyjia (I160P OriHCblBaeT 3(p(peKTbI B3aHM0,H,eHCTBHH C B036yjK^eHH5IMH B KpHCTajIJIH- 

necKOM nojie |116| . npnneM A c f — BejiiiHHHa pacmenjieHHH ypoBHa KII. CneKTpajiBHaa 

njIOTHOCTB BH^a (I163P C A, KOTOpoe CJia6o 3aBHCHT OT BOJIHOBOrO BeKTOpa, COOTBeTCTBy- 

eT jioKajiH30BaHHBiM ciiiihobbim cpjiyKTyauHSM. riepeHopMHpoBKa m* Bcjie^cTBHe TaKirx 
cpjiyKTyauHH HaMHoro Gojibine, neM nepeHopMirpoBKa, ^aBaeMaa MarKHMH napaMaraoHa- 
mh, H3-3a MajiocTH cpa30Boro oG^eMa cpjiyKTyauHH b nocjie^HeM cnynae. 

TaKHM o6pa30M, onpe^ejieHHe scpcpeKTa Koh^o b cucTeMax c flHHaMHKofi HeTpuBnajiB- 
ho. YcjioBHe Z < 1, xapaKTepH3yK)in;ee peineTKH Koh^o, mojkct 6bitb yzjoBjieTBoperio 
He tojibko H3-3a oGbiHHoro scpcpeKTa Koh^o (o6pa30BaHHe pe30HaHca A6pHKocoBa— Cyjia 

npH T < Tk), HO TaKJKe H3-3a B3aHMO^eHCTBHH C HH3K03HepreTHHeCKHMH CnHHOBBIMH 
HJIH 3apH^OBBIMH CpJiyKTyaUHHMH. 

Pe3yjiBTaT m* ~ 1/cJ, KOToptiii cjie^yeT H3 (I160p . f)162p . He MemieT cboh bh^ npn yneTe 
HjieHOB Gojiee BbicoKoro nopa^Ka, ^aace ^jih npoH3BOJibHo Majiofi U. /JaHHaa npoGjieMa 
Hccjie^oBaHa b [101J ^jm npocToli Mo^ejiH, onHCbiBaioHi;eH B3aHMo^eHCTBHe c jioKajib- 

HblMH B036yJK^eHHHMH ^ByxypOBHeBOH CHCTeMbl. OTMeTHM, HTO BCe TaKHe OCoGeHHOCTH 

HCHe3aioT npn UJ — > H3-3a MHOJKHTejieii rana tanh (u/2T) h napaMeTp o6pe3aHHH ^jih 
hhx ecTb UJ, a He ninpHHa nojiocbi W. 



53 



PaccMOTpHM Tenepb <«HCTHHHbie» koh^obckhc pacxo^HMocTH, cooTBeTCTByromne ,zrpy- 
roft nocjie^oBaTejibHocTH amryjuipHbix HjieHOB, KOTopaa onncbreaeT nporjeccbi c nepeBo 
Potom cnHHa h HaHHHaeTca c TpeTBero nopa^Ka no s—f napaMeTpy. 3th pacxo^HMocTH 

He HCHe3aiOT npH OTCyTCTBHH flHH&MHKH H ^efiCTBHTejIBHO ^aiOT npH E — > MHOJKHTejIH 

In (W/ max {uJ, T}). C yneTOM cnnHOBon ^HHaMHKH cooTBeTCTByroirrnft BKjia^ b MHHMyio 
nacTb co6cTBeHHon sHeprnn HMeeT bh,h, 

lm^(E) = 2nI 3 p(E) [ J^^^T^T^ duj ( 164 ) 

J q & — ^k+q — ^ 

(BemecTBennasi nacTB cnHryjiapHoro BKjia^a OTcyTCTByeT b cnjiy KOMneHcannn cpe^HH- 
mh 77ik, cp. c (|92p ). BejinnnHa (I164p onpe^ejiaeT 3aTyxaHne o^HonacTnnHbix coctohhhh 
n, cjie^oBaTejiBHo, cKopocTb pejiaKcamm t~ 1 (E). Bhttho, hto cnnHOBaa flimaMHKa npn- 
bo^ht k pa3MBiTHio jiorapncpMHHecKoro BKjia^a b conpoTHBjieHne. HcnojiB30BaHne, Ha- 
npnMep, npocToro ^,ncp(py3HOHHoro npnGjinaceHna fljia: cneKTpajibHon njioTHOCTH 



Kq(u) = - , , , /n „ 2 ^ 2 , (165) 



S( S+1) Aq : 
7T u + (Aq 2 ) 

r^e D s — K03(pcpHn;HeHT cnnHOBon ,n;H(p(py3HH, flaeT 



5t-\E) = AnI 3 p 2 S(S + 1) In ^ if , (166) 

TRe uj = 4:D s kp. TaKHM o6pa30M, b conporaBjieHnn InT — > | In (T 2 + u;) « In (T + 
au;), a ~ 1. 

Tenepb oGcynHM TepMos^c a(T) b penieTKax Koh^o. Ilpn flocTaTOHHO bbicokhx (no 
cpaBHemrfo c Tk) TeMiiepaTypax a(T) oGbihho Bejinxa n HMeeT 3KCTpeMyM (MaxcHMyM 
npn a > 0, MHHHMyM npn a < 0). Bojibnine koh^ob cxne BKjia^Bi b a(T) cooTBeTCTByioT 
aHOMajiBHOMy HeneTHOMy BKjia^y b t~ 1 (E) [69], kotopbih ^ojiaceH B03HHKaTB, b cnjiy 
aHajiHTHHecKHx cbohctb Tt{E), H3 jiorapncpMnHecKoft ocoGeHHocTH b ReE(.E') |1U6| . Xoth 
Taxaa oco6eHHocTb OTcyTCTByeT b o6bihhoh npo6jieMe Koh^o, oHa HMeeTcsi b cjiynae 
paccenBaiomero noTeHirnajia V, KOTopBifi Be^,eT k nc-HBjieHHio KOMnjieKCHBix MHOJKHTejiefl 

l + i/^^-tk + zO)- 1 , (167) 

k 

KOTopbie «nepeMeniHBaioT» Im E n Re E b HeKorepeHTHOM peacnMe. CnnHOBaa flHHaMHKa 
Be^eT k 3aMeHaM 

, \E\ 1 E 2 + uJ 2 2 E . . 

W ~* 2 w 2 ' Slgn H arctan 57 ' (168) 

b ImE and ReS cooTBeTCTBeHHo, h aHOMajibHbift BKjiafl k a(T) HMeeT Bim 

J 3 \/ fE df(E) E PV T 

« T T^T / ^ o j-i arctan — — 169 

ep(T) J T oE uj ep{T) max {T,uj} 

CjieflOBaTejibHo, BejiHHHHa uj nrpaeT pojib xapaKTepHoro cpjiyKTynpyiomero MaranTHo- 
ro nojia, KOTopoe BBe^eHo b [69J, htoGbi onncaTb TepMos^c pa36aBjieHHbix koh^obckhx 

CHCTeM. 
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TenepB o6cyn,HM npoGjieMy MarHHTHoro ynopn^oneHHii b peineTKax Koh^o. /Jojiroe 
BpeM3 cnnrajiocB, hto KOHKypeHiniH Me>Ky3ejit>Horo oGMeHHoro PKKH-B3aHMo^eflcTBH2 
h scpcpeKTa Koh^o ^;oji>KHa npiiBecTH k cbopMnpoBaHHio hjih oGbiHHoro MarHHTHoro yno- 
pa^oneHHa c Gojibuihmh aTOMHBiMH MaraHTHBiMH MOMeHTaMH (xax B hhctbix pe^K03e- 

MejIBHBIX MeTajIJiax), HJIH HeMarHHTHOrO COCTOHHHH KOH^O C nO^aBJieHHBIMH MarHHTHBi- 
MH MOMeHTaMH. 0,n;HaKo 3aTeM 3KcnepHMeHTajiBHBie Hccjie^oBaHHH y6e^HTejiBHo npo^e- 
MOHCTpHpoBajiH, hto MarHHTHoe ynopn^oneHHe h BBipaaceHHBie cnHHOBBie cpJiyKTyaunn 
BecBMa ninpoKo pacnpocTpaHeHBi cpe^H chctcm c thjkcjibimh cpepMHOHaMH h ^pyrnx 

aHOMajIBHBIX 4/- H 5/-COeflHHeHHfl, KOTOpBie 06BIHHO paCCMaTpHBaiOTCH KaK KOHUeHTpH- 
pOBaHHBie KOHflO-CHCTeMbl. 

Kjiacc <kkoh^obckhx» MameTHKOB xapaKTepH3yioT cjie/xyioriiHe ocoGchhocth |118| E] : 

1. JIorapncpMHHecKaH TeMnepaTypHaa 3aBHCHMOCTB yn,ejiBHoro conpoTHBjieHHH npn 
T > Tk, npHcymaa: KOH^o-cncTeMaM. 

2. Majioe 3HaneHHe MarHHTHoii SHTponnn b Tonxe ynopH^oneHHH no cpaBHeHHio co 
3HaHeHHeM .Rln^S* + 1), KOTopoe cooTBeTCTByeT oGbihhbim MaraeTHKaM c jioxa- 

JIH30BaHHBIMH MOMeHTaMH. 3tO HBJieHHe CBH3aHO C nO^aBJieHHeM MarHHTHOH Ten- 

jioeMKocTH BCJie,n;cTBHe scpcpeKTa Koh^o (sKpaHHpoBaHHH momchtob): jihhib Majiaa 

HaCTB H3MeH6HHH SHTponHH CBH3aHa C ^ajIBHHM MarHHTHBIM nopH^KOM. 

3. y nopsmo HeHHBifi MarHHTHBifl MOMeHT M s Maji no cpaBHeHHio c BBicoKOTeMnepa- 

TypHBIM MOMeHTOM /i e fj, Haft^eHHBIM H3 nOCTOHHHOH KiopH. IIoCJie^HHH HMeeT, KaK 

npaBHjio, HopMajiBHoe 3HaneHne, 6jiH3Koe k cooTBeTCTByiomeMy 3HaneHHio pjiz pe^- 
K036MejiBHoro HOHa (HanpHMep fi e g ~ 2,5/xb noHa Ce 3+ ). Taxoe noBeflemie 
HanoMHHaeT cjia6Bie KojuieKTHBH3npoBaHHBie MarHeTHKH. 

4. IlapaMarHHTHas Tonxa Kiopn 9, KaK npaBHjio, oTpniiaTejiBHa trance fljia cbep- 
poMaraeTHKOB) n 3aMeTHO npeBBiniaeT no a6cojnoTHon BejiHHHHe TeMnepaTypy 
MarHHTHoro ynopH^oneHHH, hto o6n3aHO GojiBHioMy o^,Hoy3ejiBHOMy koh^obcko- 
My BKjia^y b napaMamHTHyio bochphhmhhboctb (x(T = 0) ~ 1/Tk)- Han6o- 
jiee stdkhh npHMep 3fleci> — koh^obckhh (peppoMaraeraK CeRh 3 B 2 c Tq = 115 K, 
9 = —370 K |119] h HeGojiBniHM 7 = 16 m,ZLk/ (mojib ■ K 2 ). 

CymecTByioT MHoroHHCJieHHBie npnMepBi chctcm, r^e koh^obckhc aHOMajinn b TepMo- 
^HHaMnnecKHx n KHHeTHnecKHx cBoftcTBax cocymecTByioT c MarHHTHBIM ynopn^oneHHeM, 
a MOMeHT HacBim;eHHH M s HMeeT BejinnnHy nopa^Ka MarHeTOHa Bopa. 3to cbeppoMarae- 
thkh CePdSb, CeSi x , Sm 3 Sb4, Ce4Bi 3 , NpAl 2 , aHTHcbeppoMaraeTHKH CeAl 2 , TmS, CeB 6 , 
UAgCu4; 3KcnepHMeHTajiBHBie ^aHHBie n GnGjinorpacpHH npe^cTaBjieHBi b [8]. 

Hto KacaeTCH «KjiaccHHecKHx» chctcm c tjdk&jibimh cpepMHOHaMH, 
3flecB nojioaceHHe Gojiee cnoncHoe. CymecTByioT He^BycMBicjieHHBie cbh- 
^eTejiBCTBa anrHcbeppoMarHeTH3Ma b UCdn h U 2 Zni7 c TeM ace no- 
Ph^kom BejiHHHHBi M s |117j . /Jjia coe^HHeHHH UPt 3 h URu 2 Si 2 , 
M s ~ 2 — 3 ■ 10~ 2 /ib- IIpH3HaKH aHTHcbeppoMarHHTHoro ynopH^oneHna c oneHB 
MajiBiM M s TaKJKe Ha6jno,i];ajiocB ^jih CeAl 3 , UBei 3 , CeCu 2 Si 2 , CeCu6 (BnponeM, ps,zi, 
^aHHBix fljia 3thx cncTeM no^BeprajincB coMHeHHio, cm. TaK>Ke o63op [120J ) . 
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Boo6ru;e, THnHHHaa ocoGemiocTB THacejicxpepMHOHHBix MaineTHKOB — BBicoKaa nyB- 

CTBHTejIBHOCTB M s K BH6IIIHHM IiapaMeTpaM, TaKHM, K&K ^aBJieHHe H JierHpOBaHHe MajIbIM 

KOJiHHecTBOM npHMeceft. HanpHMep, UBei3 CTaHOBHTCH aHTHCpeppoMamHTHBiM c 3aMeT- 
HbiM M s nqn ^aBjieHHeM P > 23 x6ap; HanpoTHB, CeAl3 cTaHOBHTCH napaMarmiTHbiM 
nqn, ^aBjieHHeM BBinie P = 3 x6ap. MoMenr b UPt3 yBejinnnBaeTCH pp 3HaneHHn nopafl- 
Ka o^Horo /iB npn 3aMeHe 5 % Pt Ha Pd hjih 5 % U Ha Th. Ph,h; cncTeM c TJUKejiBiMH 
cpepMHOHaMH npeTepneBaioT MeTaMarHHTHBie nepexo^Bi b cjiaGbix MarHHTHbix nojiax c 
pe3KHM yBejiHHeHHeM MarHHTHoro MOMeHTa. 3^ecB xapaKTepHo Ha3BaHHe He^aBHero 06- 
3opa II. KoyjiMeHa |121] : -cTiDKejiBie cpepMHOHBi. 3jieKTpoHBi Ha rpami MaraeTH3Ma». 

OTHocHTejiBHbie pojih scpcpeKra Koh^o h Me>Ky3ejiBHoro PKKH-B3anMo,n;eHCTBHH 3a- 
^aioTCH BejiHHHHaMH ^Byx 3HepreTHHecKHx MacniTaGoB: TeMnepaTypBi Koh^o Tk = 
W exp (1/2/p), KOTopaa onpe^ejiaeT KpoccoBep Me>Kfly pe:>KHMOM cbo6o^;hbix momch- 

TOB H oGjiaCTBK) CHJIBHOH CBH3H, H TrkKY ~ ^P- IIoCJieflHHa: B6JIHHHHa HM6CT nopH- 

^ok TeMnepaTypBi MarHHTHoro ynopH^oneHHH Tm b OTcyTCTBHe scpcpeicra Koh^o. Ot- 
HonieHHe Tk/Tm mojkct H3MeHHTBCH b 3aBHCHMocTH ot BHeiHHHx napaMeTpoB H COCTaBa 
CHCTeMBi npn jiernpoBaHKH . 

B HeMarHHTHOM cnynae Trkky ~ T A e & — xapaKTepHaa nacTOTa chhhobbix cpjiyK- 
TyannH. ^Jia GojiBinnHCTBa o6cy>K^i;aeMBix coe^HHeHnft Tk > Trkky- O^Haxo cymecTBy- 
iot TaK>Ke aHOMajiBHBie MarHeTHKH, coflepjKamiie nepnii h ypaH, c Tk C T^, HanpHMep 
CeAl 2 Ga2, UAgCu4. 3tot cjiynaH 6jih3ok k o6bihhbim pe^K03eMejiBHBiM MaraemaM, 
r,n,e 3(p(peKT Koh,h;o nonTH nojiHOCTBio no^aBjieH MamHTHBiM ynopn^oneHHeM. 

fl,jin onncaHHs cpopMnpoBaHHH coctohhhh KOH^oBCKoro MameTHKa paccMOTpHM no- 
npaBKH TeopnH B03Mym;eHHH k MamHTHBiM xapaKTepncTHKaM c yneTOM cnnHOBon ^HHa- 



mhkh. BbinncjieHHe MarHHTHoft BocnpnHMHHBOCTH (TD6| npHBO^HT k pe3yjiBTaTy 

x = ^±il (1 - wl), l = yj J *„ (u) Ji&z^L * m 

rpe cnnHOBaa cneKTpajiBHaa njioTHocTB onpe^ejieHa b (I16ip . H3 npocToii OHemoi HHTe- 
rpajia b fU70p cjie,n;yeT 



X = \ m 1 ( 1 - 2/Vln^— 5 ) , (171) 



r^e BejiHHHHa b cKoGxax onncbiBaeT no^aBjieHHe scpcpeKTHBHoro MOMeHTa. 

KoH,ri;oBCKHe nonpaBKH k MarHHTHOMy MOMeHTy b cpeppo- h aHTHCpeppoMamHTHOM 
coctohhhhx nojiynaioTCH c Hcnojib30BaHHeM cTaH^apTHoro cnnH-BOJiHOBoro pe3yjiBTaTa 

ss = -J2KK) ( 172 ) 

q 

no^cTaHOBKoii nonpaBKH k nncjiaM 3anojiHeHna MarHOHOB npn HyjieBoft TeMnepaType, 
oGycjioBjieHHOH hx 3aTyxaHHeM BCJie^cTBHe paccesniHH Ha sjieKTpoHax npoBo^HMocTH. B 
cjiynae dpeppoMameTHKa HMeeM 

S(b{ 6 q ) = 2PS E r " k ^ (1 ~" k ' qt ; \ 2 , (173) 
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HHTerpupoBaHHe kbr fljia cpeppoMaraeTHKa, Tax h aHTHcpeppoMarneTHKa ^aeT 

5S/S = -2I 2 p 2 \n=. (174) 

co 

3th nonpaBKH k MOMeHTy b ochobhom coctohhhh B03HHKaioT b jiio6bix npoBO^HUiHX 
MarHeTHKax, BKjnonaa: nncTBie 4/-MeTajiJiBi. O^Haxo b nocjie^rneM cjiynae ohh aojijkhbi 
6bitb MajiBi (nopa^Ka 10~ 2 ). 

B n;ejiHx nojiyneHHH caMocorjiacoBaHHon KapraHBi fljia: MaraeTHKa c 3aMeTHBiMH koh- 

^OBCKHMH nepeHOpMHpOBKaMH HyjKHO BBIHHCJIHTB nonpaBKH K XapaKTepHBIM HaCTOTaM 

cnnHOBBix (pjiyKTyauiffl co. B napaMaraHTHOH (pa3e oueHKa H3 nonpaBKH BToporo nopafl- 
Ka k ^HHaMHnecKoii BocnpnHMHHBOCTH ,n;aeT [107J: 

u\ = ~S{S + 1) ]T( J q _ p - J P ) 2 [1 - 4/ 2 L(l - a,)]. (175) 
p 

3,n,ecB BejiHHHHa L onpe^ejieHa b ()170|) . 

^ = E j h( ! ^) 2 [ 1 - cos( i r ] / E^ 1 - 008 ^]- ^ 176 ) 

nOCKOJIBKy < Qfq < 1, 3(p(peKT KoH^O npHBOflHT K yMeHBUieHHIO 3aBHCHMOCTH Cj(T) npH 

noHHJKeHHH TeMnepaTypti. B npnGjiHJKeHHH 6jinjKanninx coce^eft (c nepno^oM penieTKH 
d) flJia J(R) 3HaneHne a He 3aBHCHT ot q: 

sinfcpoP 2 



BbinHCjieHHe nonpaBOK k nacTOTe chhhobbix bojih b (peppoMaraHTHOH h anrHcpeppo- 
MarHHTHofi cpa3e BCJie^cTBHe MarHOH-MamoHHoro B3aHMo,n,eHCTBHH, a Taxxce sjieKTpoH- 
MarHOHHoro paccesHHH TaKJKe npHBo^HT k pe3yjiBTaTy [122 J 

5w q /w q = -4/ 2 p 2 a In — , (178) 

co 

r^e MHOJKHTejiB a 3aBHCHT ot THna MarHHTHoro ynopH^oneHHH. 

IlpHBe^eHHBie pe3yjiBTaTBi TeopHH B03Myni,eHHH ^,aioT bo3mo>khoctb KanecTBeHHoro 

OnHCaHHH COCTOHHHH KOHflO-peiHeTKH KaK MarHeTHKa C MajIBIM MarHHTHBIM MOMeHTOM. 

npe^;nojio>KHM, hto mbi noHHacaeM TeMnepaTypy, CTapTya c napaMarHHTHoro coctoh- 

HH3. I[pH 3TOM MarHHTHBIH MOMeHT <CKOMneHCHpyeTCH» , HO, B OTJIHHHe OT O^HOnpHMeC- 

hoh CHTyannn, CTeneHB KOMneHcannn onpe^ejiaeTCH (T 2 + cJ 2 ) 1//2 BMecTO T. B to me 
BpeMH caMa co yMeHBHiaeTCH corjiacHo f)175p . 3tot nponecc He mojket 6bitb onncaH aHa- 
jiHTHnecKH b paMKax TeopHH B03Mym;eHHH. BnponeM, ecjin hmctb b BH^y o6pa30BaHHe 
yHHBepcajiBHoro SHepreTnnecKoro MacurraGa nopn^xa Tk, to Hy>KHO BBi6paTB co ~ Tk 
npn T < Tk. nocjie^HHii cpaKT noflTBepacflaeTca Gojibhihm hhcjiom 3KcnepHMeHTajiBHBix 
^aHHbix OTHOCHTejiBHO KBa3Hynpyroro HenTpoHHoro pacceHHHH b KOH^o-CHCTeMax, ko- 
TopBie noKa3BiBaioT, hto npn hh3khx TeMnepaTypax TnnnnHaa ninpHHa neHTpajiBHoro 
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riHKa r ~ U HMeeT tot jKe caMbift nopa^oK BejiHHHHbi, hto h cpepMHeBCKaa TeMnepaTy- 
pa Bt>ipo>K^;eHH3, onpe^ejieHHaa H3 TepMo^HHaMHnecKHx h khhcthhcckhx cbohctb, t. e. 
Ik- Cjie^oBaTejiBHo, npouecc KOMneHcaiiHH MarmiTHoro MOMeHTa 3aBepinaeTC2 r^e-To Ha 
rpaHHHe oGjiacra chjibhoh cbh3h h npuBO^HT k coctohhhio c kohchhbim (xoth, bo3mo>kho, 
H MajIbIM) MOMeHTOM HacbimeHHH M s . 

KojiHHecTBeHHoe paccMOTpeime npo6jieMti MarHeTH3Ma penieTOK Koh^o mojkct 6bitb 
BbinojiHeHO b paMKax no^xo^a peHopMrpynnbi b npocTeflniefl cpopMe aH^epcoHOBCKoro 
<CKettjiHHra fljia 6e^Hbix» (poor man scaling) [HQ] . Pe3yjiBTaTbi Teopnn B03MymeHHH 
no3BOJiHK)T 3anncaTt peHopMrpynnoBbie ypaBHeHHH ^jih acpcpe-KTHBHoro s—f napaMeTpa 
n UJ [122J, hto ^ocTnraeTca paccMOTpemieM HHTerpajiOB no k c cpepMneBCKHMH (pyHK- 
HHHMH B KOH^OBCKHX nonpaBKaX K SJieKTpOHHOH coGctbchhoh 3HeprHH (cm. pa3^,. 3.1) H 

nacTOTe cnnHOBBix cpjiyKTyan;HH. Hto6bi nocTponTb nporj,e,zrypy cKefljinHra, HyacHo Bbi^e- 
jihtb BKjia^bi ot 3HepreTnnecKoro cjioh C < E < C + 5C okojio ypoBHH OepMH Ep = 0. 
HanpnMep, b cjiynae cpeppoMameTHKa H3 scpcpeKTHBHoro pacmenjieHHH b ajiercrpoHHOM 
cneKTpe 

2I eS S = 2IS - [£™(£ F ) - Z™ { E F )] k=kp (179) 
Haxo^HM, ncnojib3ya ( 155]) . 



^ V *k+q + *k+q ~ W q / W 



C -u 



C + ZJ 



180) 



r,n;e ZJ = 4Dk F , D — cnnH-BOJiHOBaa jkcctkoctb. Bbo^h 6e3pa3MepHbie KOHCTaHTBi cbh- 
3H g = —2Ip,g e g(C) = —2I e s(C)p, b o^HoneTjieBOM npnGjinaceHnn nojiynaeM cncTeMy 
ypaBHeHHH peHopMrpynnbi BH^a 

dg eS (C)/dC = d In uJ eS {C) / dC = a$/2, d\nS eS (C)/dC = $/2, (181) 



r^e 

$ = $(C,aJ eff (C)) = [^ ff (C)/q0(a; eff (C)/C). (182) 
CKenjiHHroBaji (pyHKHHa fljia napa-, (peppo- n aHTHCpeppoMarHHTHbix cpa3 paBHa: 

{x -1 arctanrc, PM, 
±ln|g|, FM, (183) 

-x- 2 ln|l -x 2 |, AFM. 

Kax noKa3biBaioT pe3yjibTaTbi Hccjie^oBaHna ypaBHeHnil (I181j) — ( fl83j) [122], b 3aBHCH- 
mocth ot cooTHonieHHH Me>K^y o^HonpHMecHofl TeMnepaTypofl Koh^o h 3aTpaBOHHOH 
nacTOTofl cnnHOBbix (pjiyKTyaiiHH bosmojkhbi Tpn pexcnMa npn I < 0: 

1. PeacHM chjibhoh CBH3H, rflfi g e ff pacxcflHTca npn HexoTopoM C. Oh rpy6o onpe^e- 
jieH ycjioBHeM U < T K = W exp (— l/g). 3,n;ecB I e s(C — > 0) = oo, Tax hto Bee 

SJieKTpOHbl npOBO^HMOCTH CB33aHbI B CHHTJieTHbie COCTOHHHH H CnHHOBaH flHHaMH- 

Ka no^aBjieHa. 
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2. Pe>KHM <KKOH^oBCKoro» MarHeTHKa c 3aMeTHofl, ho HenojiHoft KOMneHcaHHeft Mar- 
hhthhx MOMeHTOB, KOTopbifl peajiH3yeTCH B HHTepBajie Tk < uj < ATk (A — 
hhcjioboh MHOJKiiTejiB nopniXKa e/XHHHUBl) , COOTBeTCTByiOIHeM MajioMy HHTepBajiy 
5g ~ g 2 . B stom HHTepBajie nepeHopMHpoBaHHBie 3HaneHHH MarHHTHoro MOMeHTa 

H HaCTOTBI CnHHOBBIX CpJiyKTyaiTHH S'eff(O) H Cj e fj(0) yBejIHHHBaiOTC2 OT HyjIH nOHTH 
3aTpaBOHHBIX 3HaHeHHH. 

3. Pe>KHM «o6bihhbix» MaraeTHKOB c MajiBiMH jiorapiicpMHHecKHMH nonpaBKaMH k 

MOMeHTy OCHOBHOrO COCTOHHHH (CM. (11 74ft ). B03HHKaK)IirHH npn UJ > ATk- 
BblCOKaH lyBCTBHTejIBHOCTB MarHHTHOrO COCTOHHHS K BHeillHHM (paKTOpaM, KOTOpaH 

o6cy>K^i;ajiacb BBirue, oGb-HCHHeTcs: TeM, hto b cjiynae 2 MaraHTHBift MOMeHT chjibho Me- 
HaeTca npn MajiBix BapHaunax 3aTpaBOHHoro napaMeTpa B3aHMo,n;eHCTBHH. 

KpnTiiiecKoe 3HaneHHe g c cymecTBeHHo 3aBHCHT ot rana MarHHTHoro ynopH^oneHHa 
h CTpyKTypBi MamoHHoro cneKTpa (HanpHMep, HajiHHHH b HeM rnejni), pa3MepHOCTH npo- 
CTpaHCTBa h /xp. TaKHM o6pa30M, KpHTepnii ,H,oHHaxa g c ~ 0.4 |123| . KOTopBiil 6biji nojiy- 
neH fljia npocTofl o/XHOMepHoft Mo^ejiH, Bpa/a; jih mojkct GbiTb npHMeHHMBiM k peajibHbiM 
cncTeMaM. B paMKax nepBonpHHUHnHBix pacneTOB sth npoGjieMBi oGcyac^aioTca b He^aB- 
Heii pa6oTe [124J. 

Pa3yMeeTca, npn paccMOTpeHHH KBaHTOBoro MarHHTHoro <pa30Boro nepexo^a Tpe- 
GyeTCH Gojiee tohhbih yneT MarHHTHBix cpjiyKTyairHft. He^aBHo aHajiH3a cpa30Bofl 
^narpaMMbi /jByMepHoii aHTHcpeppoMaraHTHon perueTKH Koh^o Gbijio HcnojiB30BaHo e- 
pa3Jic»KeHHe b MeTo^e peHopMrpynnbi c HcnojiB30BaHHeM HejiHHeftHOH cnrMa-Mo^ejiH 
[125J. BaacHyio pojiB Taxace mojkct nrpaTB H3MeHeHHe Tonojiornn noBepxHocra <J>epMH 

OnHCaHHBlfl MexaHH3M (pOpMHpOBaHH2 MarHHTHOrO COCTOHHHH C MajIBIM M s BHeHIHe 
pa^HKajIBHO OTJIHHaeTCH OT oGBIHHOrO MexaHH3Ma flJIH CJiaGblX KOJIJieKTHBH3HpOBaHHBIX 

cpeppoMarHeTHKOB, KOTopBie, KaK npe/xnojiaraeTCH, Haxo/XHTCH b Henocpe^cTBeHHofi 6jih- 
30cth k HeycTOHHHBocTH CTOHepa. BcnoMHHM, o/XHaKo, hto h 3HepreTHHecKHH cneKTp HO- 

BBIX (pepMHeBCKHX KBa3HHaCTHII, H 3(p(peKTHBH06 B3aHMO^I,6HCTBHe MeJKijy HHMH npeTep- 

neBaiOT cnjiBHBie nepeHopMHpoBKH. IIo3TOMy npaKTHHecKH OHeBH/jHa HenpHMeHHMOCTb 
KpHTepna CTOHepa c 3aTpaBOHHBiMH napaMeTpaMH jijih kohjiobckhx MaraeTHKOB. 

Tax KaK cymecTByeT HenpepBiBHBift nepexo/j; Meac/jy cHjiBHOKoppejinpoBaHHBiMH 

KOH^O-peHieTKaMH H -CCTaHijapTHBIMH3> CHCTeMaMH KOJIJieKTHBH3HpOBaHHBIX 3JieKTpOHOB 

(b nacTHocTH, oGbiHHBie nayjiHeBCKHe napaMarHeTHKH MoryT paccMaTpHBaTBCH KaK ch- 
CTeMBi c bbicokhm Tk — nopajxKa 9HeprHH OepMn) , B03HHKaeT Bonpoc oTHocHTejiBHo po- 

JIH, KOTOpyK) MHOr03JI6KTpOHHBie 3(p(peKTBI HrpaiOT B <KKJiaCCHHeCKHX» CJia6BIX 30HHBIX 

MarHeTHKax, no^oGHBix ZrZn2. MoaceT oKa3aTBca, hto 6jih30ctb ochobhoto coctohhhs k 

TOHKe CTOHepOBCKOH HeyCTOHHHBOCTH, T. e. MajIOCTb M s , B nOCJie^HHX CHCTeMaX B03HH- 

KaeT H3-3a nepeHopMHpoBOK napaMeTpa BsaHMo^eiicTBHH h xKMnoTeHirnajia, a He H3-3a 
cjiyHaitHbix 3aTpaBOHHBix 3HaneHHH N(Ep). ^eiicTBHTe jibho , b TaKyio cjiynaHHocTB Tpy^i;- 
ho noBepHTB, nocKOJiBKy oTKjioHeHHe ot rpaHHHHoro ycjioBHH CTOHepa UN(E-p) = 1 
HBjiaeTca KpaiiHe MajiBiM. 

Otmcthm, hto b peajiBHofl cHTyan;HH HeoGxo^HM yneT oco6eHHocTeft BaH-XoBa, koto- 
pbie KaK npaBHjio hmciotch b TaKHx cncTeMax b6jih3h Ep (b cjiynae rjia^Kofl hjiothocth 
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coctohhhh KpHTepnio CTOHepa He y^oB jieTBopnTt> ! ) . 3th ocoGeHHocTH MoryT cymecTBeH- 

HO nOBJIHHTB Ha CTpyKTypy TeopHH B03MyH];eHHH (cp.[127j). IIpH 3TOM CKeHJIHHTOBOe 

noBeneHHe 6yoeT onpenejiHTbcn He tojibko 6jih30ctbio ypoBHH OepMH (C — > 0), ho h 
paccTOHHHeM np ocoGeHHocTH BaH-XoBa; b onpenejieHHBix cHTyaHHHx bo3mo>kho ocjiaG- 
jieHHe 3aBHCHMocTH KOHCTaHTBi cbh3h ot ee 3aTpaBOHHoro 3HaneHHH. OTMeTHM, hto npn 

HajIHHHH OCo6eHHOCTH njIOTHOCTH COCTOHHHH B6jlH3H Ep OHHOnpHMeCHBIH 3(p(peKT KoHHO 

KanecTBeHHO BHH,OH3MeHHeTCH [128J; b cjiynae penieTKH Taxne oco6eHHOCTH ycnjiHBaiOT 
no^aBjieHHe MOMeHTa h naeroT chhhoboh flHHaMHKH |129| . 

B paCCMOTpeHHOM KOHTeKCTe 6BIJIO 6bl HHTepeCHO OnHCaTB CJia6Bie KOJIJieKTHBH3HpO- 
BaHHBie MarHeTHKH He C 30HHOH TOHKH 3peHHH, a C TOHKH 3peHHH JIOKajIBHBIX M arHHTHBIX 

MOMeHTOB, KOTopBie noHTH GKOMneHCHpoBaHBi. IIocKOJiBKy cennac y»ce CTajio oGbihhbim 

COBMeCTHO paCCMaTpHBaTB peHieTKH KoHHO H 30HHBie MarHeTHKH |130|. 1131) H TpaKTOBaTB 

UPt3, CeSi-c h CeRh 3 B 2 KaK cjiaGbie KOJiJieKTHBH3HpoBaHHBie MarHeTHKH (cm., Hanp., 
[132J), to BTopofl nonxon, KanceTCH yxce He MeHee ecTecTBeHHBiM, neM nepBBifl. 

CneuHajiBHoe npnGjinnceHHe cpenHero nojin h,jih ochobhoto coctohhhh KOHflo-perneTKH 
b pe>KHMe chjibhoh cbh3h |133| Hcnojib3yeT nceB^ocpepMHOHHoe npencTaBjieHHe hjih one- 

paTOpOB JIOKajIH30BaHHBIX CnHHOB S — 1/2 



c BcnoMoraTejiBHBiM ycjioBHeM fj^fif + fj^fii = 1. Hcnojib3yH npnGjiHJKeHHe nepeBajiBHoii 
tohkh ,iijih HHTerpajia no TpaeKTopHHM, onHCBiBaronrero cnHH-cpepMHOHHyio B3aHMoneH- 
CTByiorrryio CHCTeMy |133| . mohcho cbccth raMHjiBTOHHaH s—f oGMeHHoro B3aHMon,eHCTBHH 

K 3Cp(peKTHBHOH rH6pHHH3aHHOHHOH MOH,ejIH: 



rne BBe^eHBi BeKTopHBie o6o3HaHeHHH fj = (/£., fl), c] = (cL, cL), a V — acpcpeKTHB- 
Han MaTpnn;a rH6pHHH3anHH, onpe^ejineMan H3 ycjioBHH MHHHMyMa cboGohhoh sHeprnn. 
KoyjiMeH h AHnpeft [133J paccMOTpejin cpopMHpoBaHHe coctohhhh chhhoboh jkhhkocth b 
HByMepHoft CHTyauiiH. CooTBeTCTByrornHH SHepreTHHecKHft cneKTp conepncHT y3KHe iihkh 
njIOTHOCTH coctohhhh BCJie^cTBHe nceBnpcpepMHOHHoro BKjia^a. CnenyeT nonnepKHyTB, 

HTO /— nceBHOCpepMHOHBI B paCCMaTpHBaeMOH CHTyaHHH CaMH CTaHOBHTCH KOJIJieKTHBH- 
3HpOBaHHBIMH. ^ejIOKajTHBaHHH /— 3JieKTpOHOB B CHCTeMaX C THJKejIBIMH (pepMHOHaMH, 

KOTopan nonTBepncneHa Ha6jno,n,eHHeM Gojibhihx sjieKTpoHHBix Mace b SKcnepHMeHTax no 
scpcpeKTy ne Taa3a — BaH AjiBcpeHa, HeTpnBHajiBHa b s—f o6mchhoh Mon,ejiH (b otjikhhc ot 
MonejiH AH^epcoHa c /-coctohhhhmh b6jih3h ypoBHH OepMH, rn,e HMeeTCH 3aTpaBOHHan 
s—f rH6pHHH3aixHH) . 3Ta n,ejioKajiH3auHH aHajiorHHHa noHBjieHHio cpepMHeBCKofi bctbh 

B036yjK^eHHH B TeopHH pe30HHpyK)IHHX BajieHTHBIX CBH3CH (PBC) H,JIH BBICOKOTeMnepa- 

TypHBix cBepxnpoBo^HHKOB (cm. pa3H,eji 2.1). 

Bojiee npocToii cjiynafi cpeppo- h anrHcpeppoMarHHTHoro ynopHnpneHKH paccMOTpeH 
b paGoTe |107| . Ilpn stom b cjiynae cpeppoMaraeTHKa GbijiH nojiyneHBi «nojiyMeTajuiH- 

HeCKHe> peHieHHH, THnHHHBie H,JIH njIOTHOCTH COCTOHHHH C pe3KHMH nHKaMH (b 3TOM 




(184) 
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cnynae sHepreTHnecKH BbiroflHa pa3^Bii>KKa cnnHOBbix no^30H, no3BOJiinouiaH yGpaTb 
nHKH c ypoBHa <J>epMn). Pa3yMeeTCH, 3Ta 3aflana TpeGyeT ^ajiBHeflinero nccjie^oBaHHH. 

B 1990-e ro^bi 6biJi otkpbit eme oflHH Kjiacc /— sjieKTpoHHbix CHCTeM: rjik pa^a co- 
e^HHeHHfi h cnjiaBOB Ha ocHOBe n,epns: h ypaHa Gbijio oGHapyaceHo HecpepMHJKH^KocT- 
Hoe noBe^eHHe |134[ 1135} 1136] . Oho npoaBjiseTca b HeoGbiHHOM noBe^eHHH sjieKTpoHHofi 
TenjioeMKocTH BH^a TlnT hjih T 1_a , aHOMajiBHBix cTeneHHBix TeMnepaTypHbix 3aBHcn- 

MOCTHX MarHHTHOH BOCnpHHMHHBOCTH T'' C ( < 1, COnpOTHBJieHHH T M C fl < 2 H T. fl. 

HacTo HecpepMHJKH^KocTHoe noBe^eHHe B03HHKaeT Ha rpaHHue MarHHTHoro ynopH^one- 
hhs. ^Jia ero o6b.jicHeHH5i 6biji npe^;jio>KeH pH,n; MexaHH3MOB : cnHrynapHoe pacnpe^e- 
jreHHe TeMnepaTyp Koh^o b Heo^Hopo^Hbix CHCTeMax, cnjiBHBie cnHHOBBie cpJiyKTyaniiH 
b6jih3h KBaHTOBoro cpa30Boro nepexo^a, MexaHH3M ToneK TpncpcpHTca h ^p. |135| . Kax 
noKa3aHo b pa6oTe [137J, ^ocTaTOHHo ninpoKHii HHTepBaji HecpepMHJKHKocTHoro noBe^e- 
hhs B03HHKaeT b peuieTKax Koh^o npn yneTe 3aTyxaHHH chhhobbix B036yjK^eHHH jih6o 
b cnynae cnHHOBoft ^HHaMHKH c oco6ofi cneKTpajibHOH cpyHKHHeii; sth MexaHH3Mbi MoryT 
HMeTb oTHonieHHe h k onHcaHHio TeMnepaTypHo-HH^yi^HpoBaHHBix momchtob b cjia6bix 
30HHbix MarHeTHKax. 

3aKjiK>HeHHe 

IIojiapHaH h s — d(/)-o6MeHHa5i MO,n,ejib Gmjih ccpopMyjinpoBaHbi eme b nepBoft nojiOBHHe 
XX Bexa. TeM He MeHee, ohh npo^ojiJKaioT ycneniHo paGoTaTb b cpn3HKe TBep^oro Tejia, 
He tojibko jio>Kacb b ocHOBy Bee 6ojiee cjiojkhmx h KpacHBbix TeoperanecKHx KOHnenirnn , 

HO H OnHCblBafl HOBbie CpH3HHeCKHe 3BJieHH3, OTKpblTbie 3KcnepHMeHTaTopaMH. 

MHorosjieKTpoHHbie Mo^ejiH OKa3biBaK>TCH oneHb nojie3HbiMH c tohkh 3peHHS mhk- 
pocKonHHecKoro onncaHHa acpcpeKTOB cnjibHbix KoppejnnxHH. Taxne scpcpeKTbi aBjiaioTcs 
oco6eHHo sipKHMH fljisi HexoTopbix d- h /-coe^HHeHHH. B cjiynae y3KHx 3oh (cnjibHoe Ky- 
jioHOBCKoe B3aHMO^eHCTBHe) KoppejiHHHH npHBO^aT k pa^HKajibHofl nepecTpofiKe sjiex- 
TpoHHoro cneKTpa — cpopMHpoBaHHio xa66ap^;oBCKHx no^30H. y,n;o6Hbifi HHCTpyMeHT rjir 

OnHCaHHH aTOMHOH CTaTHCTHKH B036yjK^eHHH B ^aHHOH CHTyaHHH — MeTOfl MHOr03JieK- 

TpoHHbix xa66ap^;oBCKHx onepaTopoB (fljia opGnTajibHo Bbipo>K^eHHbix CHCTeM - b cone- 
TaHHH c (popMajiH3MOM yrjioBoro MOMeHTa) . Prr npo6jieM 3^;ecb eme ,n;ajieKH ot peineHHH 
(HanpHMep, coBMemeHHe 3ohhoh h aTOMHofi CTaTHCTHKH, nocTpoeHHe y6e,n;HTejibHbix hh- 

TepnOJIHH,HOHHbIX onHcamifi) . 

C flpyroli ctopohm, ,n;a>Ke cna6oe B3anMo,n;eficTBHe Mexyry jioKajiH30BaHHbiMH h koji- 
jieKTHBH3HpoBaHHbiMH sjieKTpoHaMH MOJKeT npHBecTH k nepecTpofiKe sjieKTpoHHoro 
cneKTpa npn hh3khx TeMnepaTypax BCJie^CTBHe oco6eHHOCTefi pe30HaHCHoro pacceHHHH 
b MHoronacTHHHbix CHCTeMax (acpcpeKT Koh^o). 

Bo MHornx cjiynanx 3(p(peKTbi KoppejiauHH cbo^htch k nepeHopMHpoBKe sjieKTpoH- 
hoto cneKTpa h njioTHocTH coctohhhh (HanpHMep (popMnpoBaHHe ineJin rH6pn^H3an;HH 
hjih pe30HaHca A6pnKocoBa-Cyjia b cncTeMax c npoMejKyTOHHofi BajieHTHocTbio h koh- 

^OBCKHX CHCTeMax), TaK HTO SJieKTpOHHbie CBOHCTBa MOJKHO paCCHHTaTb (peHOMeHOJIO- 

rnnecKHM cnoco6oM c ncnojib30BaHHeM pe3yjibTaTOB o^HosjieKTpoHHOH TeopHH. B to ?Ke 

BpeMH B HeKOTOpblX CHTyaH,HHX COCTOHHHe MHOTOSJieRTpOHHOH CHCTeMbI He onncbiBaeTcs 

b paMKax o6bihhoh KBa3nnacTHHHOH KapTHHbi (HanpHMep, cneKTp HMeeT cymecTBeHHo 
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HeKorepeHTHbifl xapaicrep). 

CneKTp B036y>K^i;eHHH chjibho KoppejinpoBaHBix chctcm Hacro onHCBiBaeTca b TepMH- 
Hax BcnoMoraTejiBHBix cbepMH- h 6o3e-onepaTopoB, KOTopBie cooTBeTCTByioT KBa3Hua- 

CTHH,aM C 3K30THHeCKHMH CBOHCTBaMH (HeHTpajIBHBie (pepMHOHBI, 3ap5DKeHHBie 6030HBI 

h t. fl.). B nocjie^Hee BpeMH Taxne Hflen uinpoKO npHMeHHjiHCB b cbh3h c hcoGbihhbimh 
cneKTpaMH BBicoKOTeMnepaTypHBix CBepxnpoBO^HHKOB h CHCTeM c tjdkgjibimh cbepMHOHa- 
mh. IIo^o6HBie KOHuenirHH cyrnecTBeHHo o6orariiaioT h h3M6hjiiot (iiHor^a pa^HKajiBHo) 
KjiaccHHecKHe npe,n;cTaBjieHH5i TeopHH TBep^oro Tejia h MarHeTH3Ma. 

B cBoefi jieKHiiH ^MHorouacTHHHaH cpH3HKa; He3aKOHueHHaH peBOJiioHiiH» |138| II. 
KoyjiMeH roBopHT o Tpex spax cbH3HKH KOH^eHcnpoBaHHoro coctohhhh: nepBBix ycnexax 

nOCJie OTKpBITHH KBaHTOBOH MexaHHKH (cBo6o^HBie (pepMHOHBl), MHOrOUaCTHHHOH (pH3H- 

Ke cepe^HHBi XX Bexa (Haua.no H3yueHHH KOJiJieKTHBHBix hbjichhh) h coBpeMeHHoft spe 
cpH3HKH cHjiBHOKoppejiHpoBaHHHoli MaTepmi ("3K3oruuecKHe" cHCTeMBi) . B cBoeM 6yp- 

HOM pa3BHTHH nOCJieflHHft 3Tan TeCHO CBH3aH C flpyrHMH nepe^OBBIMH OTpaCJIHMH uejio- 

BeuecKoro 3HaHHH — cdhshkoh a,zrpa h sjieMeHTapHBix uacTHii;, KOCMOJiorHeft, KBaHTOBBiMH 
TexHojiorHHMH, ,n;a>Ke GnojiorHeH [139J. 

Abtop Gjiaro^apeH 3a oGcyac^eHKH cbohm KOJiJieraM h coaBTopaM pa6oT, HcnojiB30BaH- 
Hbix b ^aHHOM o63ope: A.O. AHoximy, A.B. 3apy6nHy, II. A. HroineBy, A. A. KaTaHimy, 
M.H. KaiiHejibcoHy. Pa6oTa BBinojiHeira npn uacrHUHOH no^mepjKKe nporpaMMoii IIpe3H- 
^nyMa PAH "KBaHTOBaa cpH3HKa KOH^eHcnpoBaHHoro coctohhhh". 
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